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Polyaniline (PANI), when doped with small-molecule acids, is an attractive 
candidate for organic and polymer electronics because of its high electrical conductivity.  
Its utility as functional components in electrical devices, however, has been severely 
restricted because such PANI has limited processibility stemming from its limited 
solubility in common solvents.  To overcome this barrier, we have developed water 
dispersible PANI that is template polymerized in the presence of a polymer acid, poly(2-
acrylamido-2-methyl-1-propanesulfonic acid), or PAAMPSA.  The polymer acid serves 
two roles: it acts as a dopant to render PANI conductive and excess water soluble pendant 
groups provide dispersibility of PANI in aqueous media.  While the introduction of 
polymer acids renders the conducting polymer processible, such gain in processibility is 
often accompanied by a significant reduction in conductivity.  As such, PANI that is 
doped with polymer acids has only seen limited utility in organic ele tronics.  Given the 
 viii  
promise of conducting polymers in organic electronics in general, this thesis focuses on 
the elucidation of processing-structure-property relationships of PANI- AMPSA with 
the aim of ultimately improving the electrical conductivity of polymer acid-doped PANI. 
By controlling the molecular weight and molecular weight distribution of the 
polymer acid template, we have improved the conductivity of PANI-PAAMPSA from 0.4 
to 2.5 S/cm.  The conductivity increases with decreasing molecular weight of 
PAAMPSA, and it further increases with narrowing the molecular weight distribution of 
PAAMPSA.  Strong correlations between the structure and the conductivity of PANI-
PAAMPSA are observed.  In particular, the crystallinity of PANI increases with 
increasing the conductivity of PANI-PAAMPSA.  Given that the crystallinity qualifies 
the molecular order in PANI-PAAMPSA, we observe a linear correlation between 
molecular order and macroscopic charge transport in PANI-PAAMPSA. 
PANI-PAAMPSA forms electrostatically stabilized sub-micron particles during 
polymerization due to strong ionic interactions between the sulfonic acid groups of 
PAAMPSA and aniline.  When cast as films, the connectivity of these particles must 
play an important role in macroscopic conduction.  The size and size distribution of 
PANI-PAAMPSA particles is strongly influenced by the molecular characteristics of 
polymer acid template.  Templating the synthesis of PANI-PAAMPSA with a higher 
molecular weight PAAMPSA results in larger particles, and templating with a 
PAAMPSA having a larger molecular weight distribution results in a large size 
distribution in the particles.  Because conduction in PANI-PAAMPSA films is governed 
by how these particles pack, the macroscopic conductivity of PANI-PAMPSA films 
increases with increasing particle density, that is reducible from the molecular 
 ix 
characteristics of PAAMPSA.  Moreover, PANI-PAAMPSA particles are structurally 
and chemically inhomogeneous.  The conductive portions of the polymer prefeentially 
segregate to the particle surface.  Conduction in these materials is therefore mediated by 
the particle surface and conductivity thus scales superlinearly with particle surface area 
per unit film volume.   
We further have improved the electrical conductivity of PANI-PAAMPSA by 
more than two orders of magnitude via post-processing solvent annealing with 
dichloroacetic acid (DCA).  Since DCA is a good plasticizer for PAAMPSA and its pKa 
is lower than that of PAAMPSA (pKas of DCA and PAAMPSA are 1.21 and 2.41, 
respectively, at room temperature), DCA can effectively moderate the ionic interactions 
between PANI and PAAMPSA, thereby relaxing the sub-micron particula e structure 
arrested during polymerization.  PANI-PAAMPSA can thus rearrange from a “compact 
coil” to an “extended chain” conformation upon exposure to DCA.  Efficient charge 
transport is thus enabled through such “extended chain” PANI-PAAMPSA structure.  
DCA-treated PANI-PAAMPSA exhibits an average conductivity of 48 S/cm.  The DCA 
treatment is not only specific to PANI-PAAMPSA.  This treatment can also enhance the 
conductivity of commercially-available poly(ethylene dioxythiophene) that is doped with 
poly(styrene sulfonic acid), or PEDOT-PSS.  Specifically, DCA-treated PEDOT-PSS 
exhibits a conductivity of 600 S/cm; this conductivity is the highest among polymer acid-
doped conducting polymers reported so far.   
PANI-PAAMPSA can effectively function as anodes in organic solar cells 
(OSCs) whose active layer is a blend of poly(3-hexylthiophene), P3HT, and [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM).  Specifically, the OSCs with PANI-PAAMPSA 
 x 
anodes exhibit an average short circuit current density of 1.95 mA/cm2, open circuit 
voltage of 0.52 V, fill factor of 0.38, and efficiency of 0.39 %.  The use of DCA-treated 
PANI-PAAMPSA as anodes increases device performance (i.e., short circuit current 
density and thereby efficiency) of OSCs by approximately two and a half fold.  The 
OSCs with DCA-treated PANI-PAAMPSA anodes exhibit short circuit current density 
and efficiency as high as 4.95 mA/cm2 and 0.97 %, respectively.   
We demonstrated several factors that govern the electrical conductivity of 
polymer acid-doped conducting polymers.  Design rules, such as those illustrated in this 
study, can enable the development of conducting polymers that is not only easil  
processible from aqueous dispersions, but also sufficiently conductive for lectronic 
applications, and should bring us closer to the realization of low-cost organic and 
polymeric electronics.   
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Chapter 1: Introduction 
 
CONDUCTING POLYMER 
Until about 60 years ago, all carbon-based polymers were regarded s insulators.  
Polymers were therefore only utilized as inactive packaging or insulating materials in 
electronic applications.  This very narrow perspective on the utility of polymers in the 
electronics industry has rapidly changed since the discovery of conducting polymers.1-3   
The study of conducting polymers has emerged as a prosperous field in organic 
electronics following breakthroughs by Alan Heeger, Alan MacDi rmid, and Hideki 
Shirakawa in the late 1970s.1-3  They were awarded the Nobel Prize in Chemistry in 
2000 for the discovery of a conducting polymer, namely iodine vapor doped 
polyacetylene, as well as for the subsequent development and investigation of new 
conducting polymer systems.1-3  Their work was the first to explore the mechanisms and 
physical origins of electrical conduction in this novel class of materials.4   
Much success was accompanied by the discovery that polyacetylene films could 
be oxidatively “doped” with gaseous iodine to induce metal-like conductivities.4  In 
Figure 1.1, the conductivities of conducting polymers are compared with those of 
common conducting materials.5  “Doping” refers to the process in which a conjugated 
polymer is transformed to its conducting form, usually by chemical oxidation or 
reduction.  The different doping processes of conducting polymers are detaile  in the 
next section.  Iodine vapor doping produces free radicals along the conjugated backbone 
of polyacetylene; it is the delocalization of these free radicals that gives rise to electrical 
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conductivity.6  This phenomenon, however, is not stable under ambient conditions 
because the free radicals can be easily quenched by oxygen.6  The conductivity of 
iodine-doped polyacetylene therefore reverts to that of its initial insulating form upon 
exposure to air.  This environmental instability has limited the u ility of polyacetylene in 
practical applications.6  Subsequently, much research has been directed towards the 
development of materials that are conductive, yet chemically stable t ambient 
conditions. 
Of the many interesting conducting polymers, such as polypyrrole and poly(p-
phenylene vinylene), poly(3,4-ethylenedioxythiophene) (PEDOT) and polyaniline 
(PANI) have attracted the most attention.7, 8  The chemical structures for these 
conducting polymers are shown in Figure 1.2.  These conducting polymers are 
environmentally stable; however, the extent of conjugation along the polymer backbone 
often renders these materials insoluble in common solvents.  In order t overcome the 
intractability of conducting polymers, numerous alkyl and alkoxy derivatives, as well as 
those containing other substituents have been developed.9, 10  Of particular interest has 
been the use of water-soluble polyelectrolytes to promote water-dispersibility in 
conducting polymers.  In PEDOT, for example, delocalized radicals are generated by an 
oxidizing agent, and they are subsequently stabilized via ionic interactions between the 
charged polymer and the spent dopant.11  Polyelectrolytes, such as poly(styrene sulfonic 
acid) (PSS), have been introduced as charge-balancing counter ions to the d pants.12, 13  
PEDOT-PSS has been commercially available as an aqueous dispersion since the early 
1990s.14  With such improvements to their environmental stability and solubility, 
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conducting polymers continue to be promising candidates for electronic device 
applications.15, 16 
The conductivities of conducting polymers (10-5 – 10-1 S/cm) remain, however, 
several orders of magnitude lower than those of metals, such as gold and silver (105 – 106 
S/cm).  Despite their lower conductivities, conducting polymers are attractive candidates 
for use in electronic devices that do not require high power.  The most exciting 
developments involve the use of conducting polymers in organic light-emit ing diodes 
(OLEDs).  OLEDs are already used as active components in thin-panel televisions and 
other electronic displays due to their low power consumption compared to the inorganic 
LEDs.17  Considerable progress in the use of conducting polymers has been also made in 
the development of organic thin-film transistors (OTFTs) and organic solar cells (OSCs) 
with aims of reducing cost and increasing ease in processing.18, 19  Additionally, batteries 
containing conducting polymer have demonstrated longer life times and higher discharge 
capacities compared to traditional lead-acid or nickel-cadmium batteries.20  These 
batteries can generally be used in calculators, watches, and other products that only 
require a low power output.20  Since the conductivities of conducting polymers can 
depend on their environment, the use of these materials in sensors and indicators is also 
interesting.15, 21  In these applications, the conductivity of polymer tags would change 
when the material is exposed to certain temperatures, gases, or other chemicals.21  
Conducting polymers allow smart windows to change color and transparency with bias.22  
Conducting polymers also show excellent selectivity so they can be used in gas 
separation membranes or controlled release medicine systems.23, 24  In short, conducting 
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polymers are very promising candidates in many applications that do not require high 
current output.   
 
ELECTRICAL CONDUCTIVITY OF CONDUCTING POLYMERS 
1) Band Theory  
The free electron model is useful for explaining electrical conduction in metals.  
This model assumes that the valence electrons of the metal are free to move through the 
volume of the metal leading to electrical conduction.  This free elctron model does not 
apply to the discussion of conduction in semiconductors and insulators. 
The energy difference between the valence and conduction bands, known as the 
energy gap or band gap, is strongly dependent on materials.  Metals do not have a band 
gap; their valence and conduction bands overlap significantly.  Semiconduct rs have 
band gaps less than 2.5 eV.  Insulators have band gaps higher than 2.5 eV.25  Figure 1.3 
shows the band diagrams for metals, semiconductors, and insulators.  For metals, the 
valence and conduction bands overlap so the electrons can move freely along the e ergy 
bands.  For an insulator, the valence band is completely filled with electrons while the 
conduction band is empty.  In order to achieve conductivity, the highest en rgy electrons 
in the valence band need to gain sufficient energy to overcome the band gap in order to 
reach the empty orbitals of conduction band.  If the band gap is small enough, thermal 
excitation can provide sufficient energy to excite the electrons into the conduction band.  
In fact, semiconductors are insulators at low temperature, at which t ermal energy alone 
cannot promote electrons into the conduction band.  At room temperature, however, 
thermal excitation of electrons from the valence band to conduction band results in 
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electrical conductivity.  This phenomenon is a thermally activated process, so the 
electrical conductivity increases with temperature in semiconducting materials.  The 
excited electrons in conduction band and holes in valence band become charg  arriers 
and contribute to the macroscopic conduction when an external bias is applied.   
 
2) Doping Types in Conducting Polymers 
There are two main types of doping processes for converting a condu ting 
polymer from its insulating form to its semiconductor or conducting forms.   
Conducting polymers have π-conjugated backbone that can be oxidized or 
reduced by chemical or electrochemical reactions.  This process changes the number of 
electrons associated with the polymer backbone, and further produces charges along the 
backbone.  These charges are stabilized by counter ions of the dopant.  P-type redox 
doping occurs when electrons are removed from the backbone of the conducting polymer 
(oxidation).  This process produces holes along the backbone, which are balnced by 
negative counter ions.  In contrast, n-type redox doping occurs when the polymer 
backbone is reduced, or when electrons are added to the conducting polymer.  These
negative charges are then balanced by positive counter ions.   
Conducting polymers can also be made conductive by an entirely different doping 
process, involving the use of a protonic acid.  In this case, the number of protons, rather 
than electrons, changes along the conducting polymer backbone.  Proton acid doping is 
used extensively to convert PANI from its neutral state to its conductive form; a nine to 




 The first synthesis of polyaniline (PANI), involving the electro hemical oxidation 
of aniline in sulfuric acid, was reported in 1862 by H. Letheby.27  Due to the 
incomprehension of polymers at the time, however, PANI was not examined in any detail 
before the 1960s.  In 1968, N. de Serille et al. reported that the conductivity of PANI 
originates from proton doping of the stable half-oxidized and half-reduced form.28  PANI 
was then subjected to intense structural, physical, and electrical characterization.  A 
wave of interest was generated by A. Heeger, A. MacDiarmid, and H. Shirakawa’s work 
on the physical mechanisms behind hole transport in these materials.1-3  Unlike other 
conducting polymers, delocalization of radicals along PANI occurs via protonation by an 
acid, rather than by oxidation.  This unique doping mechanism provides unprecedented 
environmental stability to PANI.26  
 PANI can exist in various distinct oxidation states.29  The chromic and electrical 
properties of PANI are dependent on the oxidation states.29  Figure 1.4 shows the 
oxidation states of PANI.  The fully reduced state is referred to as leucoemeraldine base 
(LB) (Figure 1.4 (a)).  The half-oxidized and half-reduced form is known as emeraldine 
base (EB) (Figure 1.4 (b)), while the fully oxidized form is known as pernigraniline base 
(PB) (Figure 1.4 (c)).29, 30  While none of these base forms are electrically conductive, 
conductive PANI can be obtained by converting EB to emeraldine salt (ES) (Figure 1.4 
(d)) through proton acid doping.  The LB, EB, PB, and ES are yellow, blue, viol t, and 
green, respectively.26  The doping process starts with EB, which contains equal moles of 
reduced (benzenoid) and oxidized (quinoid) units, as shown in Figure 1.4 (b).  Exposure 
to an acid protonates the imine nitrogens in EB.  As a result, the EB is converted into ES, 
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as shown in Figure 1.4 (d).  In ES, the charges are delocalized along the PANI backbone 
resulting in charge transport through PANI.26, 31, 32  PANI ES typically exhibits a 
conductivity ranging from 10-5 to 102 S/cm, whereas PANI EB exhibits a conductivity of 
10-10 S/cm. 
The electrical conductivity of PANI can be enhanced dramatically by secondary 
doping.33, 34  During secondary doping, a solvent is introduced to induce structural 
rearrangement of PANI.33  It has been reported that PANI undergoes a compact coil to 
expanded chain conformational change, which results in a further increase in the 
electrical conductivity.  Secondary doping effects have been observed when spun-cast 
films of camphor sulfonic acid (CSA)-doped PANI are exposed to m-cresol, resulting in 
an increase in conductivities from 0.2 S/cm to 300 S/cm.  This enhanced conductivity is 
maintained after the complete evaporation of m-cresol.  After exposure of PANI-CSA to 
m-cresol, the crystallinity of PANI increases significantly.33  UV-vis-NIR spectrum of 
m-cresol treated PANI-CSA also shows a dramatic increase in th  intensity of the peak in 
NIR region.35  These observations suggest a straightening of PANI chains, ultimately 
resulting in an increase in conductivity by increasing electron delocalization along the 
PANI backbone. 
 In the early years, PANI was doped with small molecule acids, such as 
hydrochloric acid.  The major problem with these systems is their insolubility in any 
common solvents, which severely limits processibility of the final material.  This 
insolubility arises from stronger inter-chain interactions between conjugated moieties, 
compared to van der Waals interactions or hydrogen bonding that typically exists in non-
conjugated polymer systems.36  Since the melting temperature of PANI is higher than its 
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degradation temperature, melt processing of PANI is also not feasible.  Moreover, these 
small molecule acid dopants are volatile; their eventual vaporizati n leading to the de-
doping of PANI drastically limits the utility of small molecule acid-doped PANI.   
In the early 1990s, solution-processible PANI was successfully demonstrated by 
using functionalized protonic acids, such as camphor sulfonic acid (CSA) and 
dodecylbenzene sulfonic acid (DBSA), as dopants.37  These surfactant-like acids have an 
acid head group that can protonate PANI and a long alkyl tail at end hat can impart 
solubility to the doped PANI complex in non-polar or weakly polar organic solvents.37  
The final conductive PANI is thus processible from organic solvents. 
More recently, aqueous dispersions of conductive PANI have been demonstrated 
through the synthesis of aniline in the presence of polymer acid templates.38  In this 
process, PANI is protonated by the acid pendant groups in the polymer acid template.  
Excess acid groups in the polymer acid render the final PANI-polymer acid complex 
water-dispersible.13  Moreover, compared to small-molecule acids, polymer acids are not 
volatile, so the use of polymer acids for doping PANI greatly increases the chemical 
stability and preserves the electrical conductivity of the final m terial.39  Subsequently, 
much research has been carried out to characterize PANI that are either chemically-,39-41 
electrochemically-,42, 43 or enzymatically-44, 45 synthesized on polymer acid templates.  
The polymer acids that have been used as dopants include poly(styrene sulfo ic acid),46 
poly(2-acrylamido-2-methyl-1-propanesulfonic acid),47 poly(ethylenesulfonic acid),48 
poly(thiophenylenesulfonic acid),49 etc.   
Although useful for enhancing the processibility of PANI systems, polymer acid 
template synthesized PANI has struggled to achieve conductivities comparable to those 
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of small molecule acid-doped PANI.  The conductivities of polymer acid-doped PANI 
systems are generally between 10-5 and 10-1 S/cm.47, 50-53  Such PANI systems have 
therefore only seen limited utility in organic electronics.54, 55  Moreover, the 
understanding of processing-structure-property relationships of polymer acid-doped 
PANI has not been elucidated.  Such understanding is very important before applications 
involving PANI can be realized. 
This thesis focuses on the investigation of the processing-structure-property 
relationships of a water-dispersible polymer acid-doped PANI system.  The polymer 
acid of interest is poly(2-acrylamido-2-methyl-1-propanesulfonic acid), or PAAMPSA.  
Because it is a strong acid, aniline polymerization is thus carried out between pH 1 and 
2.56, 57  Polymerization of aniline at such acidic conditions results in a li e r and defect-
free PANI that contains para-substituted aniline units.45, 58  Additionally, the amide 
groups in PAAMPSA (see chemical structure in Figure 1.5) can provide additional 
hydrogen bonding opportunities, which further enhances the water dispersibility of the 
final material.54  To synthesize PANI-PAAMPSA, PAAMPSA is first dispersed in 
water.  Aniline is then added and polymerized along the polymer acid template.  As 
increasingly more sulfonic acid groups participate in doping of PANI during the 
polymerization, PAAMPSA becomes decreasingly hydrophilic.  As s result, PANI-
PAAMPSA forms sub-micron size colloidal particles that are electrostatically stabilized 
by the strong ionic interactions between the sulfonic acid groups of PAAM SA and the 
PANI backbone.38  
The resulting PANI-PAAMPSA exhibits the highest conductivity (0.4 - 2.4 S/cm) 
among PANI that are chemically-synthesized with polymer acids (typically 10-5 - 10-2 
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S/cm),40, 59, 60 and are slightly higher than those of enzymatically-synthesized PANI 
(typically 10-2 - 10-1 S/cm).39, 44, 61  The highest conductivity previously reported is 0.15 
S/cm for PANI that was enzymatically-synthesized with a PSS template.58   
We improved the electrical conductivity of PANI-PAAMPSA by contrlling the 
molecular characteristics of polymer acid template.  We also invest gated the mechanism 
of macroscopic conduction in PANI-PAAMPSA film.  To further improve the 
conductivity of PANI-PAAMPSA, we explored secondary doping of cast films with 
dichloroacetic acid (DCA).  The conductivity of PANI-PAAMPSA is improved by more 
















THESIS OVERVIEW  
The field of conducting polymers has come a long way since the initial discovery 
that polymers can be electrically conductive.  The electrical and optical properties of 
conducting polymers have led to many studies for their exciting applic tions, such as 
organic electronics, sensors, conductive coatings, etc.52, 62-65  However, conducting 
polymers have been only used in special fields that do not require high power outputs due 
to their inherently low conductivities compared to metals.  The conductivities of polymer 
acid-doped conducting polymer systems are yet lower than those of small molecule acid-
doped systems.  The physics governing the conduction mechanism of polymer acid 
doped-conducting polymers is also poorly understood.  Given the promise of broad
applications of polymer acid doped-conducting polymers in organic electronics, it is 
important that we understand the factors that govern the electrical p operties of such 
systems.  The aim of this dissertation is therefore to establih the origins of electrical 
behavior of polymer acid-doped conducting polymer system, specifically PANI-
PAAMPSA.   
Chapter 2 describes the synthesis of the polymer acid template, PAAMPSA, via 
both conventional free-radical polymerization (CFRP) and atom transfer radical 
polymerization (ATRP).  CFRP-derived PAAMPSA has a broad molecular weight 
distribution that is described by the most probable distribution, while ATRP-derived 
PAAMPSA has a significantly narrower molecular weight distribution.  The template 
synthesis of PANI-PAAMPSA is provided as well.  This chapter also provides brief 
descriptions of experimental techniques used in our research. 
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Chapter 3 details the effects of PAAMPSA molecular weight and Chapter 4 
details those of PAAMPSA molecular weight distribution on the conductivity of PANI-
PAAMPSA.  Strong correlations between the conductivity and the structure of PANI-
PAAMPSA are observed in both chapters.  In particular, we show that conductivity 
increases with increasing crystallinity of PANI.  The crystallinity of PANI qualifies the 
molecular order in PANI-PAAMPSA; increase in molecular order enhances charge 
transport in PANI-PAAMPSA films.   
Chapter 5 describes the mechanism of macroscopic conduction in PANI-
PAAMPSA film.  When cast as films, the interconnected PANI-PAAMPSA particles 
govern charge transport.  This phenomenon can be quantified by examining the particle 
density per unit volume of the cast film.  Specifically, higher pa ticle density enhances 
inter-particle charge transport, leading to higher conductivity of the cast-PANI-
PAAMPSA film.  
Chapter 6 reports the mechanism of PANI-PAAMPSA conductivity improvement 
with DCA treatment.  We expand this technique for improving the conductivity of other 
polymer acid-doped conducting polymers, including PANI-PSS and PEDOT-PSS.  
Additionally, we demonstrate that the performances of organic solar ce ls (OSCs) can be 
improved two and a half fold by using DCA-treated conducting polymer anodes as 
opposed to using untreated conducting polymer anodes. 
Chapter 7 summarizes the major achievements of our research and provi es 
suggestions for future work.     
            





















































Figure 1.2. Chemical structures of conducting polymers: (a) polyacetylen , (b) 
polypyrrole, (c) polythiophene, (d) polyphenylene vinylene, (e) poly(3,4-





















Figure 1.3. Band diagrams of metals, insulators, and semiconductors.  Dark areas 
represent filled energy states.  Semiconductors have band gaps that are smaller than 2.5 
























































Figure 1.4. The oxidation states of PANI: (a) leucoemeraldine bas (LB), (b) emeraldine 
base (EB), (c) pernigraniline base (PB), and (d) emeraldine salt (ES).  A- in (d) 
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Chapter 2: Experimental Techniques 
 
This chapter provides an overview of the synthetic, experimental, and analytical 
details of our work.  First, we present the synthesis of poly(2-acrylamido-2-methyl-1-
propanesulfonic acid), PAAMPSA, using two different polymerization techniques, 
conventional free-radical polymerization (CFRP) and atom transfer radical 
polymerization (ATRP).  These polymerization techniques were used to make polymer 
acids having different molecular weights.  These polymer acids were subsequently used 
as templates to make polyaniline (PANI).  Following is thus the description of the 
template synthesis of PANI on PAAMPSA.  We subsequently discuss the analytical 
techniques used to characterize our materials.  Finally, we describe the fabrication and 
characterization of organic solar cells (OSCs) with PANI-PAAMPSA anodes.  Details 
associated with data analysis are also described.   
 
Synthesis of PAAMPSA by CFRP 
 CFRP is the most widely used method of chain polymerization because it allows 
the polymerization of a wide variety of monomers with different chemical 
functionalities.1  This reaction is divided into three steps: initiation, propagation, and 
termination.  The initiation step involves the formation of free radicals from an initiator, 
and the initial addition of a monomer to the free radicals.  The propagation step involves 
the growth of the polymer chain by sequential addition of monomer to the free-radical 
active sites.  In the termination step, growth of the polymer chain is terminated either by 
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coupling or disproportionation.  Both termination processes involve two polymer 
radicals.  During coupling, two polymer radicals annihilate to result in a polymer chain 
whose length is the sum of the two original polymer chains.  Disproporti nation occurs 
when the proton that is located on the α carbon transfers to a radical center that is on 
another chain.2  This process results in a polymer chain with a saturated chain end and 
the other with an unsaturated chain end.  Disproportionation is generally more common 
than coupling during free-radical polymerization.2   
Two main aspects of CFRP affect the molecular weight distribution of the 
resulting polymer.  First, the rate of initiation is usually much slower than that of 
propagation.2  Second, the rate of termination is comparable to that of initiaton.3  As 
such, polymer chain growth is initiated and terminated throughout the polymerization.  
Assuming that termination occurs via disproportionation, CFRP-derived polymers thus 
have molecular weight distributions represented by the most probable distribution.2  The 







w +== 1                     (2.1) 
 
where Mw is the weight-average molecular weight of the polymer, Mn is the number-
average molecular weight of the polymer, and p is the fraction of monomer units that has 
reacted.  The PDIs of the CFRP-derived polymers thuapproach 2 at high conversions.1  
To synthesize PAAMPSA, CFRP of AAMPSA (Aldrich, 99%) was carried out in 
deionized water (DI water).  Potassium persulfate (Aldrich, 99+%) was used as the 
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initiator.  We varied the molar ratio of monomer to initiator to obtain PAAMPSA 
having different molecular weights.  We refer to the different PAAMPSA templates as 
PAAMPSA-X, where X refers to the poly(ethylene oxide)-, PEO-, equivalent number-
average molecular weight of the polymer, in kg/mol.  To synthesize PAAMPSA-45, for 
example, a monomer and initiator molar ratio of 1:0.4 (15 g and 7.83 g, respectively) was 
dissolved in 100 mL of DI water.  Monomer to initiator molar ratios of 1:0.2, 1:0.1, and 
1:0.02 were used to synthesize PAAMPSA-83, PAAMPSA-106, and PAAMPSA-255, 
respectively.  The total concentration of monomer and initiator in the aqueous solution 
was fixed at 1.0 mol/L for all polymerizations.  The polymerizations were carried out at 
75 °C for 5 h, after which the reaction media were preci itated into tetrahydrofuran 
(THF) to recover PAAMPSA.  The polymer acid was then dried in the vacuum oven at 
55°C overnight.  We also used a commercially-available PAAMPSA (Scientific 
Polymer Products Inc., 10.3 wt% in water, reported Mw = 800 kg/mol) for our study.  
This polymer was precipitated in THF and then dried in a vacuum oven at 55 °C before 
use.  The PEO-equivalent number-average molecular weight of this polymer is 724 
kg/mol so we refer to this polymer as PAAMPSA-724 in our study for consistency.  The 
PDIs of these PAAMPSA, as probed by gel permeation chromatography (GPC), range 
between 1.43 and 1.64.  These PDIs are lower than tose expected of CFRP-derived 
polymers likely due to selective fractionation during polymer clean-up.  Table 2.1 lists 
the molecular weight and molecular weight distribution of the PAAMPSA templates used 
in this study.  
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Synthesis of PAAMPSA by ATRP 
 Unlike CFRP, ATRP, a controlled free-radical polymerization technique, enables 
the synthesis of polymers with narrow molecular weight distributions.4  The key feature 
of ATRP is the use of metal-ligand complexes to establish an equilibrium between the 
dormant and active states of polymer radicals during the reaction.  This process 
effectively reduces the termination reactions during polymerization.  This phenomenon 
is described by Equation (2.2). 
 
( ) XMLPMLXP znn
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1++•→+ +←+−                          (2.2) 
 
 In this reaction scheme, Pn-X is the dormant polymer chain that is capped with a 
halogen atom, X.  LnM
+z is the metal-ligand complex.  This metal-ligand complex 
typically consists of a copper halide (usually CuI l or CuIBr) complexed with an amine-
containing ligand.  The metal core in the metal-ligand complex is oxidized with the 
extraction of the halogen atom to create a polymer radical (Pn•).  During the radical 
activation step, CuI is oxidized to CuII, and then is returned to its original state during 
deactivation step.   
 The removal of the halogen atom from the dormant polymer chain end creates a 
free radical at the end of a polymer chain, which enables chain extension.  The metal-
ligand complex then reassociates with the free radical on the end of polymer chain and 
restores the halogen atom to the chain end.  The key to ATRP lies in the equilibrium of 
this process, represented by the relative magnitude of the arrows in the reaction scheme.  
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The equilibrium of this reaction favors the dormant species heavily so the radical 
concentration is kept low throughout the polymerization.  The probability of termination 
reactions is thus greatly reduced as a consequence.  As the termination rate tends to 
zero, ATRP approaches living polymerization so all the polymer chains are of a uniform 
length.  The molecular weight distributions of the resulting polymers thus approach 1.   
Dr. Tracy L. Bucholz, a former graduate student in our group, synthesized 
PAAMPSA by ATRP to obtain polymers with narrow molecular weight distributions.  
Unlike in CFRP, AAMPSA cannot be directly polymerized by ATRP because the 
sulfonic acid group in AAMPSA can protonate the coordinating amine ligand.2  The 
sodium salt form of the monomer (AAMPSA-Na; supplied by Lubrizol) was used 
instead.  For AAMPSA-Na polymerization, a 1:1 v/v soluti n of DI water and dimethyl 
formamide (DMF; Aldrich 98%) was used as the solvent.  The concentration of 
AAMPSA-Na used was 1 M.  We used CuI l (Aldrich, 98%) and CuIICl2 (Aldrich, 
98%) as the catalyst, tris(2-dimethylaminoethyl)amine (Me6TREN; supplied by Dr. Chris 
Bielawski in the Chemistry Department at the University of Texas at Austin) as the 
coordinating ligand, and ethyl 2-bromoisobutyrate (EBiB; Aldrich, 98%) as the initiator.  
We synthesized a series of PAAMPSA-Na templates with varying molecular weights 
ranging from 30 to 287 kg/mol by varying the monomer to initiator molar ratio.  We 
refer to the resulting polymers, after converting back to its acid form, as aPAAMPSA-Y, 
where Y refers to the PEO-equivalent number-average mol cular weight of the polymer 
in kg/mol.  To synthesize aPAAMPSA-30, -67, and -117, a CuICl : CuIICl2 : initiator 
molar ratio of 1 : 1 : 1 was used and the Me6TREN to initiator molar ratio was kept at 2 : 
1.  Specifically, we first dissolved CuICl (0.1486 g, 1.5 mmol), CuIICl2 (0.2016 g, 1.5 
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mmol), EBiB (0.20 mL, 1.5 mmol), and AAMPSA-Na solution (50% by weight in water; 
57 mL, 150 mmol) in a mixture of DI water (40 mL) and DMF (75 mL).  The solution 
was stirred and degassed with N2 for 30 minutes.  Me6TREN (0.76 mL, 3 mmol) was 
then injected into the flask using a gas-tight syringe to start the reaction.  The reaction 
was terminated at different time points to obtain aPAAMPSA-Na of different molecular 
weights.  For the synthesis of aPAAMPSA-150, we increased the CuICl : CuIICl2 : 
initiator molar ratio to 2 : 2 : 1 to further suppress termination reactions during 
polymerization.  During the polymerization of aPAAMPSA-287, we added even more 
CuIICl2, but also used a bifunctional initiator, dimethyl 2,6-dibromoheptanedioate 
(Aldrich, 98%), instead of EBiB.  Typically, a bifunctional initiator produces polymers 
with higher molecular weight and narrower molecular weight distribution compared to a 
monofunctional initiator.3  The resulting CuICl : CuIICl2 : initiator ratio was thus to 2 : 4 
: 0.5 for this polymerization.  In all polymerizations, Me6TREN was maintained at a 1 : 
1 molar ratio with the total copper content.  The polymerization was carried out at room 
temperature, after which the reaction mixture was exposed to air and diluted with DI 
water to terminate the reaction.  The reaction mixture was then placed in dialysis bag 
(nominal molecular weight cutoff 6000-8000 g/mol) and dialyzed against DI water to 
remove unreacted aAAMPSA-Na and DMF.  After dialysis, the mixture was 
concentrated and precipitated into THF to collect aPAAMPSA-Na.  The THF 
supernatant was decanted, and the precipitate was rinsed with THF twice more.  The 
aPAAMPSA-Na precipitate was then dried in a vacuum oven at 30 °C overnight.  To 
convert aPAAMPSA-Na to its acidic form, the purified polymer was redissolved in DI 
water and passed through a column containing a strong acid ion exchange resin 
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(Amberlyst® 15 (dry), Acros Organics).  The ion exchange resin was rinsed with DI 
water until the water ran clear prior to use.  The conversion to acid was confirmed by 
pH measurements by comparing against that of commercially-available PAAMPSA-724 
(100% sulfonic acid groups).  The pH of PAAMPSA-724 at 0.12 M sulfonic acid groups 
is 1.5.  We therefore measured the pH of our aPAAMPSA solutions at 0.12 M sulfonic 
acid groups to verify the complete conversion of aPAAMPSA-Na to aPAAMPSA.  The 
measured pHs of aPAAMPSA samples were all 1.5.  Furthermore, aPAAMPSA eluted 
at the same time as aPAAMPSA-Na with no significant peak broadening during GPC 
analysis, indicating that the acid conversion did not affect the molecular weight or 
molecular weight distribution of the polymer.  Given that the termination reactions are 
suppressed during ATRP, the molecular weight distribu ion of aPAAMPSA is much 
narrower compared to that of CFRP-derived PAAMPSA having a comparable molecular 
weight.  The PDIs of aPAAMPSA range between 1.16 and 1.28.  Figure 2.1 contains 
the GPC traces of aPAAMPSA-30 (PDI = 1.16) and PAAMPSA-45 (PDI = 1.43) for 
comparison.  The GPC trace of aPAAMPSA-30 is narrowe than that of PAAMPSA-45, 
indicating a narrower molecular weight distribution.  The peaks at longer elution times 
(≥ 40 min) are due to solvents.  Table 2.1 contains the molecular weight and molecular 
weight distribution of aPAAMPSA obtained from GPC exp riments.   
To examine the structure of PAAMPSA (and aPAAMPSA), we performed 1H 
NMR on PAAMPSA (and aPAAMPSA) in deuterated water.  Figure 2.2 shows the 1H 
NMR spectra of (a) aPAAMPSA-30 and (b) PAAMPSA-45.  The chemical structure of 
PAAMPSA (or aPAAMPSA) is also included with the proton contributions appropriately 
labeled.  Peak A (δ = 1.3 ppm) corresponds to the protons in the two methyl groups (six 
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protons per repeat unit).  Peak B (δ = 1.5 – 1.8 ppm) corresponds to the methylene 
backbone protons (two protons per repeat unit).  Peak C (δ = 1.8 – 2.1 ppm) represents 
the methyne backbone proton (one proton per repeat unit) and peak D (δ = 3.0 – 3.5 ppm) 
corresponds to the protons in the methylene unit adjacent to the sulfonic acid group in 
PAAMPSA (and aPAAMPSA; two protons per repeat unit).  The rest of peaks are 
associated with protons in solvents; the solvents have been identified in Figure 2.2 for 
clarity.  The most pronounced peak at 4.7 ppm is from water; this peak is observed in 
the spectra of both PAAMPSA-45 and aPAAMPSA-30.  The peaks at 1.7 and 3.6 ppm, 
as well as those in 2.7 – 2.9 ppm are only observed in the spectrum of aPAAMPSA-30.  
These peaks are associated with residual THF and DMF, respectively, introduced during 
the ATRP reaction.   
 
Synthesis of PANI-PAAMPSA 
To obtain water-dispersible, electrically-conductive PANI, we template 
polymerized aniline in the presence of PAAMPSA (or aPAAMPSA).4, 5  We used 
PAAMPSA (and aPAAMPSA) of different molecular weights to dope PANI in order to 
investigate how the molecular characteristics of polymer acid template influence the 
conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA).  Scheme 2.1 summarizes 
the template synthesis of PANI-PAAMPSA (or PANI-aPAAMPSA).  The polymer acid 
template serves two roles.  The sulfonic acid group in PAAMPSA is responsible for 
doping PANI to produce the electrically conductive form of the PANI.  Excess sulfonic 
 31 
acid groups can impart water dispersibility to the resulting PANI-PAAMPSA (or PANI-
aPAAMPSA) complex.   
To synthesize PANI-PAAMPSA (or PANI-aPAAMPSA), PAAMPSA (or 
aPAAMPSA) (5.8g, 0.028 mol) was first dissolved in 375 mL of DI water.  Aniline 
monomer (Fisher Scientific, 99.9%; 2.6g, 0.028 mol) was then added to the PAAMPSA 
(or aPAAMPSA) solution at 1:1 aniline to acid molar ratio, and stirred at room 
temperature for 1 h.  An oxidizing agent, ammonium peroxydisulfate (Fisher Scientific, 
98.2%; 5.8g, 0.025 mol), at 1:0.9 aniline to oxidizing agent molar ratio, was dissolved 
separately in 25 mL of DI water.  The solutions were purged with N2 for 30 min.  The 
PAAMPSA (or aPAAMPSA)-aniline solution was then cooled in an ice water bath before 
the ammonium peroxydisulfate solution was added dropwise using a gas-tight syringe at 
the rate of approximately 1.25 mL/min.  The reaction medium was kept at ice water 
temperature for the first 6 hours of the reaction and was vigorously stirred during the 
polymerization.  The reaction was allowed to proceed overnight to ensure complete 
conversion.  As aniline is polymerized along the PAAMPSA (or aPAAMPSA) 
backbone, PAAMPSA (or aPAAMPSA) becomes decreasingly hydrophilic.  As a result, 
PANI-PAAMPSA (and PANI-aPAAMPSA) forms sub-micron size colloidal particles 
that are electrostatically stabilized by the ionic interactions between PANI and 
PAAMPSA (or aPAAMPSA).  These PANI-PAAMPSA (and PANI-aPAAMPSA) 
particles are characterized in Chapter 5; the size and size distribution of which influence 
the conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA) dramatically.  To 
recover PANI-PAAMPSA (or PANI-aPAAMPSA), acetone was dded slowly to the 
polymer suspension.  The supernatant was decanted ad then the rest of the mixture was 
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filtered to obtain a green powder that is the emeraldine salt form of PANI-PAAMPSA.  
The samples were then dried in the vacuum oven at 50°C overnight.  To cast PANI-
PAAMPSA films for further characterization, the green powder was redispersed in DI 
water at 5 wt% concentration.  Because the particles are stabilized by strong ionic 
interactions, their size and size distribution are maintained after further processing.  We 
denote these materials as PANI-PAAMPSA-X, (or PANI-aPAAMPSA-X) with X being 
the PEO-equivalent number-average molecular weight of the PAAMPSA (or 
aPAAMPSA) template, in kg/mol, that was used for the PANI synthesis.  For 15N solid-
state NMR experiments, we polymerized 15N aniline (Cambridge Isotope Laboratories, 
Inc., 99.7+%) according to the procedures above to yield 15N PANI-PAAMPSA (or 15N 
PANI-aPAAMPSA).   
To examine the structure-conductivity relationships of PANI-PAAMPSA (and 
PANI-aPAAMPSA), the monomer acid-doped counterpart, PANI-AAMPSA, was also 
synthesized with reagents at the same molar ratios nd procedures mentioned above.  
AAMPSA monomer is used to template polymerize aniline i stead of PAAMPSA.  X-
ray diffraction (XRD) and conductivity measurement were subsequently performed on 
the sample, and the data were compared against those of PANI-PAAMPSA (and PANI-
aPAAMPSA).   
 To investigate the influence of aniline composition on the electrical conductivity 
of PANI-PAAMPSA, we opted to polymerize aniline at varying aniline to sulfonic acid 
group molar feed ratios using PAAMPSA-45.  To prepar these PANI-PAAMPSA 
samples, we used the same synthesis procedure as mentioned above, except we varied the 
aniline to acid molar feed ratio.  In this series of PANI-PAAMPSA, the molar feed ratio 
 33 
of aniline to sulfonic acid group was 1:0.5, 1:1, 1:1.5, 1:2, and 1:3.  X-ray photoelectron 
spectroscopy (XPS) analysis on this series of polymers yielded aniline to sulfonic acid 
group molar ratios of 1:0.72, 1:0.85, 1:1.05, 1:1.26, and 1:1.91 for the resulting polymers, 
respectively.  Differences between the feed ratios and resulting ratios of aniline to 
sulfonic acid group arise from the residual unpolymerized aniline monomers that were 
removed during purification.  The experimental details of the XPS study are detailed 
later in this chapter.  We refer to these polymers as PANI-PAAMPSA y:z where y:z is 
the aniline to sulfonic acid group molar ratio, as determined by XPS.   
 
Deprotonation of PANI-PAAMPSA 
To examine the structure of the non-conductive emeraldine base form of PANI 
(EB), the PAAMPSA (or aPAAMPSA) template was removed from PANI-PAAMPSA 
(or PANI-aPAAMPSA) samples through the addition of excess ammonium hydroxide.  
This process begins with preparing a 2 wt% PANI-PAAMPSA or PANI-aPAAMPSA 
dispersion in DI water.  The dispersion was stirred for 5 days.  We added 10-, 20-, 30-, 
50-, and 80-fold molar excess of ammonium hydroxide to PANI-PAAMPSA-45, -83, -
106, -255, and -724 dispersions, respectively, to neutralize PAAMPSA.  These 
dispersions were stirred for 2 days.  The PANI-PAAMPSA dispersion was green prior 
to the addition of ammonium hydroxide.  Upon addition of ammonium hydroxide, the 
dispersion turned blue-black, a distinct color of dedoped PANI.  The resulting dedoped 
PANI consisted of a very fine powder.  We thus centrifuged the dispersion for 1 hour at 
4500 rpm to recover the solids, which were subsequently washed thoroughly with water 
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and dried in the vacuum oven at 50oC.  We refer to the dedoped materials as PANI-X 
where X denotes the PEO-equivalent number-average mol cular weight of the initial 
PAAMPSA (or aPAAMPSA) template, in kg/mol, and as PANI y:z where y:z denotes the 
aniline to sulfonic acid group molar ratio obtained by XPS. 
 
Gel Permeation Chromatography (GPC) 
Gel permeation chromatography (GPC) is a size exclusion method to determine 
the molecular weight and molecular weight distribution of polymers.  The injected 
polymer solutions are separated based on their hydrod namic volumes (Vh).  Species 
having larger hydrodynamic volumes (thus larger sizes) elute at shorter times.36  The 
hydrodynamic volume of the polymer is directly proportional to the logarithm of its 
molecular weight.36  The elution volume of a polymer, equivalent to the elution time at a 
flow rate of 1 mL/min, is thus inversely proportional to the logarithm of its molecular 
weight.  
 GPC on PAAMPSA and aPAAMPSA was performed using a Waters 2414 HPLC 
solvent pump that is attached to four Ultrahydrogel columns (300 x 7.8 mm, Waters 
Technology Corp.) in series, and a Waters 2414 refractive index detector (Waters 
Technology Corp.).  A 4:1 v:v mixture of 0.1 M aqueos sodium nitrate solution and 
acetonitrile was used as the eluent (flow rate = 1 mL/min, T = 40°C).  The PAAMPSA 
and aPAAMPSA solutions were prepared at 0.001 wt% polymer in eluent solvent.  A 
series of near-monodispersed poly(ethylene oxide), PEO, standards were used for 
molecular weight calibration.  Figure 2.1 shows the GPC traces for (a) aPAAMPSA-30 
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and (b) PAAMPSA-45.  A slightly longer elution time and narrower peak width are 
observed in aPAAMPSA-30 compared to PAAMPSA-45, indicating a slightly lower 
molecular weight and narrower molecular weight distribution of the polymer.  
Calibration against PEO standards yields a molecular weight of 30 kg/mol and PDI of 
1.16 for PANI-aPAAMPSA-30 and a PEO-equivalent number average molecular weight 
of 45 kg/mol and PDI of 1.43 for PANI-PAAMPSA-45.  The molecular weight and 
molecular weight distribution of PANI-PAAMPSA, PANI-aPAAMPSA, and PANI were 
not examined by GPC because the polymers do not form homogeneous solutions in any 
common solvents.    
 
Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy 
1H NMR spectroscopy was used to identify the different proton environments of 
the polymer samples.  The protons that are specific to each polymer can be observed.  
1H NMR spectroscopy on PAAMPSA (and aPAAMPSA) and PANI-PAAMPSA (PANI-
aPAAMPSA) was performed with a Varian Unity+ 300 MHz spectrometer.  The solvent 
used for our samples was deuterium oxide (D2O), and 1 wt% of polymer solutions were 
prepared for the 1H NMR experiments.  Figure 2.3 shows the 1H NMR spectra of (a) 
PAAMPSA-45 and (b) PANI-PAAMPSA-45.  The composition determination using 
these spectra is challenging and is not accurate becaus  of proton exchange with 
deuterated water.6  D2O easily exchanges deuteriums with the labile protons f the 
sulfonic acid and amide groups in PAAMPSA (or aPAAMPSA), resulting in the absence 
of these peaks in the NMR spectra of our samples obtained in D2O.  We thus used these 
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spectra only for chemical identification purposes.  The chemical structure of 
PAAMPSA-45 was clearly identified from its 1H NMR spectrum (Figure 2.2 (b)).  In 
addition to the protons associated with PAAMPSA-45, the protons associated with the 
benzenoid rings in the PANI backbone (7.3 - 7.5 ppm) can be observed in the NMR 
spectrum of PANI-PAAMPSA-45 ((b) in the inset of Figure 2.3).  The data in the inset 
were smoothed with an 11-boxcar.   
 
Solid-State Nuclear Magnetic Resonance (Solid-State NMR) Spectrosc py 
 Typically, delocalization of electrons in conducting polymers causes the 
paramagnetic broadening in NMR signals.7  Owing to this broadening, NMR analysis is 
challenging in conducting polymers.  The elimination of delocalized electrons along the 
polymer backbone can result in higher resolution NMR spectra.7  We thus examined 
dedoped conducting polymers to identify their chemical structures by NMR.  Given that 
dedoped PANI does not dissolve in any commercially-vailable deuterated solvents, we 
carried out our structural characterization studies v a solid-state NMR.   
 We performed solid-state 13C and 15N NMR (Varian Unityplus-200 spectrometer) 
in collaboration with Jennifer L. Cross and Prof. Matthew P. Espe in the Chemistry 
Department at the University of Akron.  The solid-state NMR spectra were collected 
using cross-polarization with a 1 ms cross-polarization time and magic-angle spinning 
configuration (CP/MAS).  13C chemical shifts were collected with a recycle delay of 2 
seconds and referenced with respect to hexamethylbenzen  (δ 13Cmethyl = 17.3 ppm).  
15N 
solid-state NMR spectra were collected with a recycle delay of 5 seconds, and 15N 
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chemical shifts were referenced with respect to ammonium nitrate (δ 15NH4
+ = 0 ppm).  
All samples were packed into 7 mm silicon nitride roto s with Kel-F caps and the 
samples were spun at 5 kHz. 
 Figure 2.4 contains the 13C solid-state NMR spectra of (a) PAAMPSA-45, (b) 
PANI-PAAMPSA-45, and (c) PANI-45.  The chemical structures of the polymers are 
also included with the carbon contributions labeled.  In the spectrum of PAAMPSA-45 
(Figure 2.4 (a)), peak a (δ = 175 ppm) corresponds to the carbon in the amide 
functionality.  Peak b (δ = 57 ppm) is due to the carbon in the methylene functionality 
adjacent to the sulfonic acid groups.  Peak c (δ = 54 ppm) is assigned to the methylene 
functionality along the polymer backbone.  Peak d (δ = 42 ppm) represents the 
dimethylated carbon next to the amine.  Peak  (δ = 35 ppm) is associated with the 
methyne backbone carbon and peak f (δ = 28 ppm) corresponds to the pendant methyl 
carbons.  The 13C NMR spectrum of PANI-PAAMPSA-45 (Figure 2.4 (b)) contains a 
broad bump between 100 and 160 ppm in addition to the peaks associated with 
PAAMPSA-45.  The broad bump is attributed to doped PANI; individual carbon 
environments are not resolvable because of heterogeneities in the distribution of positive 
charges along the PANI chains.8, 9  To resolve this peak associated with PANI, 13C 
NMR was performed on dedoped PANI-45 (Figure 2.4 (c)).  The elimination of charge 
delocalization along the PANI backbone results in an NMR spectrum whose carbon 
environments are now individually resolvable.  Peak 1 (δ = 158 ppm) in Figure 2.4 (c) is 
due to the carbon in the 1, 4 positions of the quinoid ring along the backbone.  The other 
quinoid carbons appear at 136 ppm (peak 2). Peak 3 (δ = 148 ppm) and the peak labeled  
4, 5 (δ = 142 ppm) are associated with the carbons in the parapositions of the benzenoid 
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rings along the PANI backbone.  The other carbons on the benzenoid ring show up at 
slightly different chemical shifts depending on their proximity to the quinoid unit.  The 
strong peak labeled 6, 7 (δ = 123 ppm) is assigned to benzenoid carbons directly attached 
to the quinoid rings (represented by 6 and 7 on the chemical structure).  The benzenoid 
carbons that are one ring away from the quinoid unit appear at 114 ppm (peak 8).  The 
assignments for PANI-45 are consistent with those repo ted previously,8, 10 and indicate 
PANI-45 to be linear chains with low defect (such as ortho and meta linkages) densities.      
In addition to 13C NMR, 15N NMR is useful for studying PANI due to its 
sensitivity to the chemical environments of charged and uncharged nitrogens in the 
polymer backbone.  The chemical shifts due to differences between charged and 
uncharged nitrogens in 15N NMR are large compared to those due to differences between 
carbon environments detected by 13C NMR.  For example, the chemical shift difference 
between the resonances arising from amine and imine structures is ~ 200 ppm, while the 
chemical shift difference between the corresponding benzenoid and quinoid species is 
only ~ 10-20 ppm in 13C NMR.  Figure 2.5 shows the 15N solid-state NMR spectrum of 
PANI-PAAMPSA-724.  The broad peak, labeled I  (δ = 322 ppm), arises from residual 
unprotonated imine nitrogens.  Peak III  (δ = 115 ppm) is assigned to protonated amines 
whose charges are delocalized along the PANI-PAAMPSA backbone.  While localized 
protonated amine environments, denoted II  on the chemical structure in Figure 2.5 (b), 
have been reported for other polymer acid templated PANI systems,11-13 we do not 
observe the presence of such localized amines in any of our samples.  
 
X-ray Photoelectron Spectroscopy (XPS) 
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To examine the compositions of PANI-PAAMPSA, we performed x-ray 
photoelectron spectroscopy (XPS).  XPS analysis was conducted in collaboration with 
Dr. Yangming Sun affiliated with the Texas Materials In titute at the University of Texas 
at Austin with a Physical Electronics ESCA 5700 spectrophotometer equipped with a 
monochromatic Al Kα X-ray source, a hemispherical electron analyzer and a low energy 
electron flood gun for charge compensation of insulating samples.  Samples were 
introduced through a preparation chamber before they were transferred into the analysis 
chamber at 2x10-10 Torr.  High-resolution scans were collected to quantit tively identify 
specific binding environments of C, O, N, and S forPANI-PAAMPSA and PANI-
aPAAMPSA samples.  During data analysis, the binding e ergy of the core level C1s 
peak was set at 284.5eV to compensate for surface charging effects.14, 15  Data analysis 
consisted of fitting and subtracting a linear baseline from each high-resolution elemental 
spectrum, and then numerically integrating each baseline-subtracted peak.  The 
integrated area was then corrected by the appropriate sensitivity factor16 for each element.  
To compare samples, the integrated peak intensities were normalized by the integrated 
peak intensity of a common reference peak whose composition is believed to be constant 
throughout.   
We performed XPS on PANI-PAAMPSA samples to determine the compositions 
of the polymers.  We varied the takeoff angle, defined as the angle between the sample 
and the detector, to examine the composition along the depth of the film.  Varying the 
takeoff angle allows us to tune the x-ray penetration depth; the larger the takeoff angle, 
the deeper the penetration of x-rays into the polymer film.  The takeoff angle was varied 
from 15, 30, 45, 60, to 80°.  For this experiment, 5 wt% of PANI-PAAMPSA 
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dispersions were drop cast on 1 cm by 1cm pieces of silicon wafer.  Table 2.2 lists the 
compositions of C, O, N, and S atoms in PANI-PAAMPSA 1:0.85 at different takeoff 
angles.  The compositions determined at 45, 60, and 80° are nearly constant.  We can 
therefore assume that XPS measurements at larger incident angles reflect the bulk 
compositions of PANI-PAAMPSA.   
Depth profiling with XPS has qualitatively demonstrated that the surface 
concentration differs from that of the bulk in PANI-PAAMPSA films.  To establish a 
quantitative relationship between concentration anddepth of the film, we performed a 
series of XPS studies that kept the incident angle constant at 45°, but incrementally 
removed layers from the film.  To access greater film depths, an argon ion beam was 
used to sputter the sample at an ionization energy of 250 eV.  After 5 to 10 min 
sputtering intervals, surface XPS scans were acquired.  The sputtering rate was 
estimated to be approximately 15 nm/min.  For this experiment, we spin coated a 5 wt% 
PANI-PAAMPSA dispersion on a 1 cm by 1cm piece of silicon wafer.   
Figure 2.6 contains the (a) nitrogen and (b) sulfur XPS spectra of PANI-
PAAMPSA-724 obtained prior to any sputtering.  The nitrogen and sulfur spectra were 
deconvoluted with Gaussian functions using non-linear l ast squares analysis.  During 
peak fitting in the nitrogen and sulfur regions, the full widths at half the maximum 
intensity (FWHM) of the peaks and the peak positions were kept constant, with peak 
intensities being the only floating parameters.  Specifically, the nitrogen spectrum was 
deconvoluted into three components: a peak located t 399.2 eV attributed to the amide 
groups in PAAMPSA; one centered at 400.4 eV attributed to the protonated nitrogens 
associated with polarons and bipolarons in PANI-PAAMPSA (denoted N1
+); and a third 
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located at 401.3 eV attributed to protonated nitrogens that are ionically associated with 
the sulfonic acid groups in PAAMPSA (denoted N2
+).17, 18  The FWHM of the 
individual peaks were kept constant at 1.4 eV.17, 18  The XPS data in the sulfur region 
was deconvoluted into two doublets with individual peaks at 167.5 and 168.7 eV; and 
168.3 and 169.5 eV.19-21  The doublet at lower binding energy corresponds to ulfurs in 
the ionized sulfonic acid groups of PAAMPSA (-SO3
-) while that at higher binding 
energy corresponds to the sulfurs in the sulfonic ac d groups of PAAMPSA (-SO3H) that 
do not participate in the protonation of PANI.19, 21  The individual peaks within the 
doublets maintaine a FWHM of 1.0 eV during peak fitting.19-21   
 
X-ray Diffraction (XRD) 
 X-ray diffraction (XRD) is a common technique used to determine the crystal 
structures of crystalline (or semicrystalline) materials.  X-rays primarily interact with 
electrons in atoms of materials.  When x-ray photons collide with electrons, some 
photons from the incident beam are deflected away from the direction where they 
originally travel.  Diffracted waves from different planes of atoms can interfere with 
each other and the resultant intensity distribution s strongly modulated by this 
interaction.  If the atoms are arranged in a periodic fashion, as in crystals, the diffracted 
waves consist of sharp interference maxima peaks.  Measuring the diffraction pattern 
therefore allows to deduce the distribution of atoms in a material.  Specifically, the 
peaks in XRD pattern are directly related to the inter-atomic planar distances with 
Bragg’s Law, shown in Equation (2.3). 
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2 sinn dλ θ=                                           (2.3)                                        
 
 In this equation, n is the integer representing the order of the diffraction peak, λ is 
the wavelength of the x-ray, d is the characteristic distance between lattice planes, and 2θ 
is the scattering angle.48   
 We conducted XRD (Philips Electronic Instruments Model PW 1720) on PANI-
PAAMPSA and PANI-aPAAMPSA.  Nickel-filtered Cu-Kα radiation from a sealed-
tube generator operating at 40 kV and 40mA provided the incident source.  Data were 
obtained from 2θ = 10° to 50° at a scan rate of 0.12 deg/min.  We adhered 15 mg of 
PANI onto a glass slide with a 1cm × 1cm piece of duble-sided tape.  A blank glass 
slide was used as background.  Figure 2.7 (a) shows the XRD spectrum of PANI-
PAAMPSA-45.  To calibrate 2θ during these experiments, we added 2.5 wt% sodium 
chloride (NaCl) (~ 0.4 mg) to PANI-PAAMPSA (or PANI-aPAAMPSA) samples.  
Figure 2.7 (b) is the XRD pattern of a mixed powder of PANI-PAAMPSA-45 and NaCl.  
The Bragg reflections of NaCl are identified with arrows (2θ  = 31.7° and 45.5°).  The 
Bragg reflections of PANI-PAAMPSA-45 were then shifted against published reflections 
of NaCl, which are also included in Figure 2.7 (c).22  Due to a limited number of Bragg 
reflections and the low crystallinity in the sample, we were not able to determine the 
exact crystal structure of the polymer.     
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Ultraviolet-Visible Near-Infra-Red Spectroscopy (UV-vis-NIR) 
 UV-vis-NIR spectroscopy (Varian Model Cary 5000 and Agilent 8453) was used 
to examine the electronic structures of PANI-PAAMPSA and PANI-aPAAMPSA.  The 
UV-vis-NIR experiments were performed on PANI-PAAMPSA (or PANI-aPAAMPSA) 
thin films.  To make the films, 5 wt% PANI-PAAMPSA (or PANI-aPAAMPSA) 
aqueous dispersions were spin-coated at 500 rpm for 1 min on clean glass slides.  A 
clean glass slide was used as background for this experiment.  Data were collected in the 
wavelength range 300-1300 nm at a scan rate of 1 nm/sec with Varian Model Cary 5000 
and in the wavelength range 300-1100 nm with Agilent 8453.  Figure 2.8 shows the 
UV-vis-NIR spectrum of PANI-PAAMPSA-724.  The peak at 310 nm corresponds to 
the π-π* transition of the benzenoid and the peak at 450 nm is attributed to the polaronic 
shoulder.23-25  The other broad peak at approximately 800 nm corresponds to the polaron 
interband transition.23-25   
 
Dynamic Light Scattering (DLS) 
Dynamic Light Scattering (DLS) gives the size and size distribution of particles in 
dilute dispersions by measuring the Brownian motion due to their collisions with solvent 
molecules.61  The velocity of the Brownian motion is defined by the translational 
diffusion coefficient (D).  The diffusion coefficient is in turn related to the 
hydrodynamic diameter (Dh) of the particles according to the Stokes-Einstein equation 







=                                 (2.4) 
 
where k is the Boltzmann’s constant, T is the absolute temperature, and η is the viscosity 
of the solution.  Because the particles are on the ord r of wavelength of the incident 
rasiation, they scatter light.  The Brownian motion f the particles thus causes the 
intensity of the scattered light to fluctuate with time, from which a correlation function of 
the scattered intensity can be determined as a function of time.  We analyzed the 
correlation function using the CONTIN algorithm with inverse Laplace transformation,26 
in order to determine the size and size distribution of electrostatically stabilized PANI-
PAAMPSA and PANI-aPAAMPSA particles that were arrested during aniline 
polymerization.   
 For these studies, we prepared a very dilute PANI-PAAMPSA (and PANI-
aPAAMPSA) dispersion in an aqueous NaCl solution.  Unlike regular polymers, 
polyelectrolytes involve interchain electrostatic interactions.  The overall scattering 
intensity detected by DLS thus reflects the contribu ions from different electrostatic 
interactions in the system.  NaCl is thus used to effectively screen the interparticle 
electrostatic interactions.27  Samples were prepared at 0.0001 wt% polymer in 0.1 M 
NaCl aqueous solution at 25 °C.  Both polymer and salt concentrations were selected 
after a series of control experiments.  Figure 2.9 (a) shows the hydrodynamic diameter 
of PANI-PAAMPSA-724 obtained at varying salt concentrations.  The hydrodynamic 
diameter decreases with increasing NaCl concentration up to 10-2 M, suggesting that the 
diameter reflects that of PANI-PAAMPSA aggregates at N Cl concentrations below 10-2 
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M.  These aggregates form due to the interparticle electrostatic interactions.  At NaCl 
concentrations above 10-2 M, however, the particle diameter is nearly constant with salt 
concentration.  This observation suggests that we can effectively screen the interparticle 
electrostatic interactions above 10-2M NaCl concentrations and the diameter measured at 
high salt concentrations is representative of that of individual particle.  Figure 2.9 (b) 
shows the hydrodynamic diameter of PANI-PAAMPSA-724 particles obtained from DLS 
experiments on 0.1M NaCl solutions at varying polymer concentrations.  Below a 
polymer concentration of 0.001 wt%, the hydrodynamic diameter is constant, suggesting 
that this value is representative of individual particle diameter.  The hydrodynamic 
diameter, however, increases above 0.001 wt%, indicating that particle aggregation 
occurs above 0.001 wt%.  We therefore selected 0.0001 wt% PANI-PAAMPSA (and 
PANI-aPAAMPSA) in 0.1 M NaCl solution for all the DLS experiments during this 
study.   
The DLS Measurements were performed on a Brookhaven Instruments Inc. BI-
200SM, equipped with a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser 
that operates at 532 nm and an ALV 5000 autocorrelator t normal incidence.  Each 
sample dispersion was measured 7 times with 10 scans e ch time (10 seconds per scan).  
The variations in the runs were used to determine the s andard deviations reported in size 
and size distribution of PANI-PAAMPSA and PANI-aPAAMPSA particles.  Figure 
2.10 shows the number-weighted DLS intensity distribu ion of PANI-PAAMPSA-724.  
The mean hydrodynamic diameter was determined at the peak position of the intensity 
distribution, and the particle size distribution was quantified by the full width of the 
intensity distribution at half the maximum intensity (FWHM). 
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Transmission Electron Microscope (TEM) 
We used a transmission electron microscope (TEM) to directly observe the 
particles of PANI-PAAMPSA (or PANI-aPAAMPSA).  To prepare TEM samples, 50 
µL of PANI-PAAMPSA (or PANI-aPAAMPSA) aqueous dispersion that was originally 
prepared for DLS experiments (0.0001 wt% polymer in 0.1 M NaCl aqueous solution) 
was drop cast onto carbon-coated 200 mesh copper grids (Electron Microscopy 
Sciences), and the excess solution was wicked away with a piece of filter paper.  A 
Zeiss 910 operating at 100 keV and 10-7 Torr was used to acquire images of PANI-
PAAMPSA (or PANI-aPAAMPSA) particles.  
 
ATOMIC FORCE M ICROSCOPY (AFM)   
The solid-state structures of PANI-PAAMPSA (or PANI-aPAAMPSA) were 
obtained on a Digital Instrument Nanoscope IIIa.  PANI-PAAMPSA (and PANI-
aPAAMPSA) films were prepared by spin coating 5 wt% PANI-PAAMPSA (or PANI-
aPAAMPSA) aqueous dispersions at 1000 rpm for 1 min on silicon wafers.  The 
topography and root mean square (r.m.s) roughness of PANI-PAAMPSA (or PANI-
aPAAMPSA) films were acquired in tapping mode.  The r.m.s roughness was quantified 




 The electrical conductivities of PANI-PAAMPSA (or PANI-aPAAMPSA) films 
were measured using the four-probe method,28 as well as the transmission-line method29, 
30 at the room temperature with an Agilent 4145B Semiconductor Parameter Analyzer.  
To prepare the samples, we made 5 wt% PANI-PAAMPSA (or PANI-aPAAMPSA) 
dispersions in water, and stirred them for 10 days.  We then drop cast the polymer 
dispersions onto glass substrates with pre-defined gol  electrodes.  The films were dried 
in air for 2 h before conductivity measurements. 
 Figure 2.11 shows the schematic diagram of our fou-probe measurement setup.  
Four gold electrodes are equally spaced 0.4 cm apart.  The resistance (R) of PANI-
PAAMPSA (or PANI-aPAAMPSA) films is obtained by normalizing the potential drop 
across the inner electrodes by the current measured across the two outer electrodes to 
eliminate contact resistance.  The conductivity (σ) is then obtained given the film 






                                   (2.5)                                  
 
where the cross-sectional area (A) is defined by the gold electrodes; it is the product of 
the length (l) of gold electrode and the thickness (t) of PANI-PAAMPSA (or PANI-
aPAAMPSA) film.  The distance, L, is defined between the two inner gold electrodes. 
Figure 2.12 contains the schematic diagram of the transmission-line experimental 
setup.  To extract the conductivity using transmission-line method, we first measured 
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the resistances (R) between pairs of electrodes at predefined distances.  To reduce the 
conductivity errors originated from the film thickness (t), we measured the thickness of 
the film at each pair of electrode.  We then plotted R• t against distance (L) between the 
electrodes.  The distance (L) between two electrodes was varied between 100 and 300 
µm.  Figure 2.13 shows a representative R• t of PANI-PAAMPSA-724 as a function of 
the distance between electrodes.  The conductivity of he sample is then extracted from 
the inverse slope of the data normalized by the length (l) of gold electrode; this method 
also eliminates contact resistance.   
We have made multiple films from different batches of aqueous dispersions and 
different batches of polymerizations for each sample.  Both the four-probe method and 
the transmission-line method yielded comparable conductivities for each sample.  Table 
2.3 lists the conductivities of PANI-PAAMPSA (and PANI-aPAAMPSA).  In each of 
these methods, the same stencil masks were used to define electrodes so the relative 
errors from geometrical factors and dimension measurements are zero across all samples.  
The only measurable error in our experimental setup arises from thickness determination; 
this error is reflected in the standard deviation of c nductivities (Table 2.3).  The 
thickness of each film was measured by a Dektak II profilometer. 
 We also measured the temperature dependent conductivity in a cryostat from 81 K 
to 298 K using the four-probe method.  For variable temperature measurements, PANI-
PAAMPSA (or PANI-aPAAMPSA) aqueous dispersions were drop cast on 
transparencies to minimize the mechanical stresses du  to differences in the thermal 
expansion coefficients of the substrate and PANI-PAAMPSA (or PANI-aPAAMPSA) on 
cooling.  PANI-PAAMPSA (or PANI-aPAAMPSA) was then ecapsulated in an acrylic 
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resin.  The conduction process in PANI can be accounted for in terms of electron 
hopping with the assistance of proton transfer, for which the presence of water plays an 
essential role.31  The conductivity measured under air is thus typically higher than that 
measured under high vacuum.  We thus used an acrylic resin to encapsulate our samples 
during this experiment, in order to minimize the removal of water under high vacuum.  
We measured the thickness of PANI-PAAMPSA (or PANI-aPAAMPSA) films before 
encapsulation. 
 
Organic Solar Cells (OSCs) Fabrication and Chracterization 
A solar cell is a device that converts solar energy into electrical energy.  In 
organic solar cells (OSCs), the photoactive layer consists of two organic semiconductors, 
an electron-donor and an electron-acceptor.  The photoactive layer is sandwiched 
between an anode and a cathode.  The process of converting sunlight into electrical 
current in solar cells is accomplished in four step.  Figure 2.14 shows the schematic of 
the four steps that are involved during the operation of OSCs.  In the first step, tightly 
bound electron-hole pairs, or excitons, are generated in a photoactive layer when light is 
absorbed.  Generation of excitons can occur in the electron-donor layer or in the 
electron-acceptor layer, depending on the photoabsorption properties of the respective 
materials.  The generated excitons then diffuse toward the electron-donor and electron-
acceptor interface (step 2).  The excitons then dissoc ate; the electrons are transferred to 
the electron-acceptor and the holes are transferred th  electron-donor.  The final step 
involves the transport of the newly generated charge carriers towards their respective 
electrodes.   
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Exciton diffusion lengths in polymeric and other disordered materials are 
generally in the range of a few nanometers to a few tens of nanometers.32  This limited 
distance implies that only excitons that are generated within the range of diffusion 
distance to the electron-donor and electron-acceptor in erface can contribute towards 
photocurrent generation.  Excitons that are generated further away from the interface 
typically recombine before they reach the interface.  With this in mind, the bilayer 
structures of OSCs have been supplanted by bulk-heterojunction type devices (BHJ), in 
which the active layer consists of nanoscale domains of the electron-donor and electron-
acceptor.33  The BHJ architecture provides a significantly larger interfacial area between 
the electron-donor and electron-acceptor (Figure 2.15) compared to the bilayer 
architecture.  This structure of BHJ effectively shortens the average distance that 
excitons have to diffuse before charge separation, and thus enhances photocurrent 
generation.  BHJs have therefore been considered as the more promising device types in 
OSCs.  
In these OSCs, indium thin oxide (ITO) is widely used as anodes because of its 
high conductivity and excellent optical transmittance.  The use of ITO, however, 
appears to be increasingly problematic due to the limited availability of indium.34  
Additionally, its brittleness limits the overall flexibility of devices on plastic substrates.35, 
36  Several candidates have been reported for replacing ITO, such as other transparent 
conducting oxides, carbon nanotube films, and conducting polymer films, etc.37-39  To 
assess the suitability of PANI-PAAMPSA as a replacement for ITO, we fabricated OSCs 
with PANI-PAAMPSA anodes.  To fabricate BHJ OSCs with PANI-PAAMPSA as 
device anodes, we started with the deposition of gold rids on bare glass substrates to 
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reduce device contact resistance.  We then spin coated PANI-PAAMPSA aqueous 
dispersions on the glass substrates with predefined gol  grids at 1000 rpm for 1 min.  
We used a blend of poly(3-hexylthiophene) (P3HT; Merck) and [6,6]-phenyl-C61-butyric 
acid methyl ester (PCBM; NanoC) for the active layer.  P3HT is the electron donor, and 
PCBM is the electron acceptor.  P3HT and PCBM was codiss lved in chlorobenzene 
and the solution was deposited by spin coating directly on PANI-PAAMPSA electrodes 
at 500 rpm for 1 min.  The P3HT and PCBM was kept at 1:0.8 (w/w) in a 2.4 wt% 
solution.  We then deposited 100 nm of aluminum by thermal evaporation through a 
shadow mask as the cathode.  The active area of OSCs is 0.0625 cm2.  We also 
fabricated reference OSCs with ITO anodes with the same device geometry and 
dimensions for comparison.  All devices were fabricated and tested immediately in air. 
To evaluate the device characteristics of these OSCs, we performed current 
density-voltage (J-V) measurements using a solar cell testing setup (Newport 
Corporation) equipped with a solar simulator (1.5 AM and 100 mW/cm2).  Figure 2.16 
shows the representative J-V characteristics of an OSC with ITO anode under 
illumination.  Several parameters to characterize the devices can be extracted from this 
figure.  The short-circuit current (Jsc) is the maximum current through the unbiased 
device, and the open circuit voltage (Voc) is the maximum voltage in the device when no 
current is flowing.  These two values are indicated with (a) and (b), respectively, in 
Figure 2.16.  Between (a) and (b), in the fourth quadrant, the device generates power 
(current × voltage).  At a certain point, the product between current and voltage, and 
thus the power output, can be maximized (PMAX = IMAX × VMAX).  To determine the 
efficiency (η) of the solar cell, the generated power (POUT) is compared with incident 
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power (PIN) due to photo irradiation.  The fill factor (FF) is the ratio of the actual 
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With this, the power conversion efficiency can be written as Equation (2.7).40 
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Generally, the J-V characteristics of a solar cell d vice can be described by Equation 
(2.8).40 
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where I0 is the dark current, e is the elementary charge, n is the diode ideality factor, U is 
the applied voltage, RS is the series resistance, RSH is the shunt resistance, and IPH is the 
photocurrent.  The corresponding equivalent circuit diagram is shown in Figure 2.17.  
Typically, the series resistance is attributed to the finite conductivity of the 
semiconducting material in photoactive layer, the contact resistance between the 
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semiconductors and the adjacent electrodes, and the resistance associated with electrodes 
and interconnections.  In contrast, the shunt resistance is introduced to consider the loss 
of photocurrent due to the presence of leakage path w ys.  The presence of this leakage 
current could be attributed to pinholes in the active layer and the recombination and 
trapping of the carriers during their transit through the devices.  For high FF, two 
elements are required: the series resistance should be very low to get a sharp increase in 
the forward current, and the shunt resistance should be high to limit leakage currents. 
In this chapter, we provided an overview of the synthetic details and 
characterization techniques associated with our work.  Water-dispersible, electrically 
conductive PANI-PAAMPSA will be characterized for its structure-conductivity 
relationships in Chapters 3 and 4.  In Chapter 5, we describe the origin of PANI-
PAAMPSA macroscopic conductivity.  In Chapter 6, we explore the mechanism of 
PANI-PAAMPSA conductivity improvement after post-processing solvent annealing.  
Over the course of these chapters, GPC, 1H solution NMR, 13C and 15N solid-state NMR, 
XPS, XRD, UV-vis-NIR, DLS, TEM, AFM, and conductivity measurements are used to 
characterize PANI-PAAMPSA.  The fabrication and characterization of OSCs involving 
PANI-PAAMPSA are also described in Chapter 6.     
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Table 2.1. Physical Characteristics of PAAMPSA and aPAAMPSA that were used to 
dope PANI.  PAAMPSA was synthesized via CFRP and aPAAMPSA was synthesized 
via ATRP. 
Nomenclature Mn
* (kg/mol) PDI  
PAAMPSA-45 45 1.43 
PAAMPSA-83 83 1.53 
PAAMPSA-106 106 1.53 
PAAMPSA-255 255 1.64 
PAAMPSA-724 724 1.64 
aPAAMPSA-30 30 1.16 
aPAAMPSA-67 67 1.14 
aPAAMPSA-117 117 1.20 
aPAAMPSA-150 150 1.25 
aPAAMPSA-287 287 1.28 


















Table 2.2. XPS results for PANI-PAAMPSA 1:0.85 with varying takeoff angles. 
Takeoff 
angle 
Molar ratio of element 
NH : SO3 
molar ratio C (%) O (%) N (%) S (%) Total (%) 
15 65.31 20.46 10.18 4.05 100 1:0.66 
30 66.23 20 9.77 4.00 100 1:0.69 
45 64.72 21.4 9.53 4.35 100 1:0.84 
60 64.42 21.35 9.78 4.45 100 1:0.83 

















Table 2.3. The conductivities of PANI-PAAMPSA and PANI-aPAAMPSA. 
Nomenclature Conductivity (S/cm) 
PANI-PAAMPSA-45 1.09 ± 0.03 
PANI-PAAMPSA-83 0.82 ± 0.02 
PANI-PAAMPSA-106 0.67 ± 0.01 
PANI-PAAMPSA-255 0.55 ± 0.02 
PANI-PAAMPSA-724 0.43 ± 0.02 
PANI-aPAAMPSA-30 2.39 ± 0.03 
PANI-aPAAMPSA-67 1.95 ± 0.11 
PANI-aPAAMPSA-117 1.52 ± 0.12 
PANI-aPAAMPSA-150 1.32 ± 0.05 























Scheme 2.1. Template synthesis of water-dispersible PANI-PAAMPSA (or PANI-
aPAAMPSA).  The sulfonic acid group in PAAMPSA dopes PANI; excess sulfonic acid 














































Figure 2.2. 1H NMR spectra of (a) aPAAMPSA-30 and (b) PAAMPSA-45 in deuterium 
oxide.  The proton contributions of the polymers are l beled for clarity.  Solvent peaks 
are also included.  The chemical structure of PAAMPSA (or aPAAMPSA) is provided 


















Figure 2.3. 1H NMR spectra of (a) PAAMPSA-45 and (b) PANI-PAAMPSA-45.  Inset: 
magnified 1H NMR spectra of (a) PAAMPSA-45 and (b) PANI-PAAMPSA-45.   
 
 61 
















































Figure 2.4. 13C solid-state NMR spectra of (a) PAAMPSA-45, (b) PANI-PAAMPSA-45, 
and (c) PANI-45.  The carbon contributions of the polymers are labeled for clarity.  
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Figure 2.5. 15N solid-state NMR spectrum of PANI-PAAMPSA-724.  The nitrogen 
contributions of the polymer are labeled for clarity.  The chemical structures of PANI 



























































Figure 2.6. XPS spectra of the (a) nitrogen and (b) sulfur regions for as-cast PANI-
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Figure 2.7. XRD spectra of (a) PANI-PAAMPSA-45 and (b) PANI-PAAMPSA-45 with 
2.5 wt% NaCl.  The Bragg reflections of NaCl are indicated with arrows in (b).  (c) 




















































































Figure 2.9. The mean hydrodynamic diameter of PANI-PAAMPSA-724 obtained from 
DLS experiments as a function of (a) salt concentration at a constant polymer 



















Figure 2.10. Intensity distribution of PANI-PAAMPSA-724 measured by DLS at 0.0001 
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Figure 2.13. Thickness normalized resistance of PANI-PAAMPSA-724 as function of the 
distance between electrodes.  The conductivity is extracted from the inverse of the slop 













Figure 2.14. Schematic of the four steps that are involved during the operation of an 
OSC: (a) photoabsorption to generate excitons, (b) exciton diffusion toward the electron-
donor and electron-acceptor interface, (c) exciton dissociation (electrons are transferred 
to the electron-acceptor layer and holes are transferred the electron-donor layer), and (d) 

























Figure 2.15. Schematic view of a bulk-heterojunction solar cell.  The electron-donor is 





























































Figure 2.16. Current density-voltage characteristics of an OSC with ITO anode.  (a) The 
short-circuit current and (b) open circuit voltage ar included.  The device was measured 




























Figure 2.17. The circuit diagram of an idealized solar cell:  IPH is the photocurrent, ID is 
the diode, RS is the series resistance, and RSH is the shunt resistance.
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Chapter 3: The influence of molecular characteristics on PANI-
PAAMPSA conductivity 
 
Polyaniline (PANI) is considered to be an attractive conducting polymer for 
organic and polymer electronics due to its promising electrical and optical properties and 
environmental stability.1-4  As mentioned in Chapter 1, the emeraldine base form f 
PANI (EB) is an insulator (Scheme 3.1 (a)).  To obtain the conductive emeraldine salt 
form (ES) (Schemes 3.1 (b) and (c)), EB is proton dped by exposure to an acid.  
Typically, small-molecule acids, such as hydrochloric acid, are used to dope PANI.5, 6  
Such small-molecule acid doped PANI, however, has limited solubility in common 
solvents.  While conductive, they cannot be processed from solutions or dispersions.  
PANI also exhibits a melting temperature that is above its degradation temperature, 
making melt-processible of PANI infeasible.  Our route to obtain electrically conductive 
PANI that can be directly patterned from dispersion is the oxidative polymerization of 
aniline monomers on water-soluble polymer acid templates.7-10  The polymer acid 
template serves two roles.  In addition to doping PANI to yield the electrically 
conductive ES form, excess water-soluble pendant groups on the polymer acid template 
can impart water-dispersibility to the final material.7-10  The resulting PANI is therefore 
not only electrically conductive, but can also be easily processed from an aqueous 
dispersion.  In fact, much research has been carried out on PANI that is either 
chemically-,8, 10, 11 electrochemically-,12, 13 or enzymatically-14, 15 synthesized on polymer-
acid templates.  This water dispersibility, however, comes at the expense of significantly 
 79 
reduced conductivity of the final material, likely due to additional structural disorder that 
is introduced during template polymerization on polymer acids.10, 16  The conductivities 
of polymer acid-templated PANI are thus generally lower (10-5 S/cm – 10-1 S/cm) than 
those of PANI that are doped with small-molecule acids (10 - 200 S/cm).10, 16, 17  When 
such polymer acid-doped PANI is used as electrodes in electronic devices, such as 
organic thin-film transistors and organic solar cells, the bulk resistance of PANI limits 
current outputs in such devices.2  It is thus imperative that we improve the electrical 
conductivity of polymer acid-doped PANI.   
In this study, we used poly(2-acrylamido-2-methyl-1-propanesulfonic acid), or 
PAAMPSA, as the polymer acid template to dope PANI.  PAAMPSA was chosen 
because both the monomer and the polymer are strong acids in aqueous solutions, so the 
pH of the aniline polymerization medium is maintained between 1 and 2.18, 19  PANI 
synthesis at low pH levels (≤ 3.0) is known to yield polymers with para-substituted 
aniline units.15, 20  This linear structure of PANI has low defect densitie  and should thus 
result in high conductivity (10-1 -1 S/cm).  When PANI is doped with a relatively 
weaker polymer acid than PAAMPSA, such as poly(vinyl phosphonic acid) (PVP), the 
final material was found to contain ortho or meta linkages.  The structural defects can in 
turn result in lower conductivities (10-4 – 10-2 S/cm).21  We also chose PAAMPSA as 
our polymer acid template because the amide groups in the repeating units of PAAMPSA 
(Scheme 3.1 (d)) can provide additional hydrogen boding opportunities, which should 
further enhance the water dispersibility of PANI-PAAMPSA complexes.1  To increase 
the conductivity of PANI-PAAMPSA, it is important to understand the factors that 
govern the electrical conductivity of the material.  This chapter therefore examines the 
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influences of PAAMPSA molecular weight and aniline to acid composition on the 
conductivity of PANI-PAAMPSA. 
 
THE INFLUENCE OF PAAMPSA MOLECULAR WEIGHT ON THE 
ELECTRICAL CONDUCTIVITY OF PANI-PAAMPSA  
To determine the influence of PAAMPSA molecular weight on the electrical 
conductivity of PANI-PAAMPSA, we first synthesized PAAMPSA via conventional 
free-radical polymerization.  We varied the molecular weights of PAAMPSA from 45 
kg/mol to 724 kg/mol.  We refer to the polymer as PAAMPSA-X where X refers to the 
poly(ethylene oxide)-, PEO-, equivalent number-averg  molecular weight of the 
polymer in kg/mol.  We then oxidatively polymerized aniline on the PAAMPSA 
template at the 1:1:0.9 aniline : acid : oxidizing a ent molar feed ratio.  The resulting 
PANI-PAAMPSA is referred to as PANI-PAAMPSA-X with X being the PEO-
equivalent number average molecular weight of the PAAMPSA in kg/mol.  To obtain 
the non-conductive emeraldine base form of PANI, we deprotonated PANI-PAAMPSA 
through the addition of excess ammonium hydroxide.  This dedoped PANI is referred to 
as PANI-X where X again denotes the PEO-equivalent number-average molecular weight 
of the initial PAAMPSA template in kg/mol.  The synthesis procedure and molecular 
characteristics of polymers used were detailed in Chapter 2.   
To examine the structure of PANI-PAAMPSA, we carried out 13C solid-state 
NMR studies first on the polymer acid, and then on the doped and dedoped forms of 
PANI-PAAMPSA.  The solid-state NMR experiments were performed in collaboration 
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with Jennifer L. Cross and Prof. Matthew P. Espe in the Chemistry Department at 
University of Akron.  Figure 3.1 shows the 13C solid-state NMR spectra of PAAMPSA-
45 (solid line) and PAAMPSA-724 (dotted line).  The p ak assignments for PAAMPSA 
were made according to previous studies,16, 22 and are included in Figure 3.1.  
Specifically, peak a (δ = 175 ppm) corresponds to the carbon in the acryl amide 
functionality;  peak b (δ = 57 ppm) is due to the carbons in the methylene unit that is 
adjacent to the sulfonic acid group;  peak c (δ = 54 ppm) is assigned to the methylene 
backbone carbon;  peak d (δ = 42 ppm) represents the dimethylated carbon next to the 
amine;  peak e (δ = 35 ppm) is associated with the methyne backbone carbon; peak f (δ 
= 28 ppm) corresponds to the six carbons in two methyl groups.   
There is a subtle difference between the 13C NMR spectrum of PAAMPSA-45 
and that of PAAMPSA-724.  Specifically, the line widths in the 13C NMR spectrum of 
PAAMPSA-45 (solid line) are narrower than that of PAAMPSA-724 (dotted line).  This 
decrease in line width indicates that PAAMPSA-45 is more “ordered” compared to 
PAAMPSA-724.23  Given the sensitivity of NMR, the extent of order probed in these 
experiments reflect the polymer structure on a nanometer length scale.  It does not 
reflect the extent of order over larger length scales.  While both polymers are 
amorphous, our 13C NMR indicates that PAAMPSA-45 has a more ordered local 
structure.   
The 13C solid-state NMR spectra of PANI-PAAMPSA-45 and that of PANI-45 
are shown in Figures 3.2 (a) and (b), respectively.  In addition to peaks attributable to 
the carbon environments of the polymer acid, a broad bump between 100 and 160 ppm is 
observed in the 13C NMR spectrum of PANI-PAAMPSA-45 and is attributed to PANI 
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that is ionically associated with PAAMPSA.  This broad bump is a result of the 
structural heterogeneities of doped PANI leading to different extents of delocalization of 
positive charges along the PANI backbone.24, 25  To resolve the broad bump associated 
with PANI, we performed 13C NMR on the dedoped form of PANI-PAAMPSA-45, or 
PANI-45 (Figure 3.2 (b)).    
We examined the carbon environments of PANI-45 by performing 13C NMR 
(Figure 3.2 (b)).  We assigned the peaks in Figure 3.2 (b) according to previously 
published studies.26  Specifically, peak 1 (δ = 158 ppm) is due to the carbon in the 1, 4 
positions of the quinoid ring along the backbone.  The other quinoid carbons appear at 
136 ppm (peak 2).  The peak at 148 ppm (denoted 3 in Figure 3.2 (b)) and the peak at 
142 ppm (denoted 4, 5 in Figure 3.2 (b)) are associated with the carbons in the para 
positions of the benzenoid rings along the PANI back one.  The other carbons on the 
benzenoid ring show up at slightly different chemical shifts depending on their proximity 
to the quinoid unit.  The peak at 123 ppm (denoted 6, 7 in Figure 3.2 (b)) is assigned to 
benzenoid carbons that are directly attached to the quinoid rings (represented by 6 and 7 
on the chemical structure).  The benzenoid carbons that are one ring away from the 
quinoid unit appear at 114 ppm (peak 8).  The 13C NMR spectrum is consistent with 
those published previously,27, 28 and indicates that aniline was polymerized in a para-
directed fashion in the presence of a PAAMPSA template, thereby resulting in linear 
PANI chains with low defect densities.29   
The peaks between 10 and 70 ppm in Figure 3.2 (b) indicate the presence of 
residual PAAMPSA in PANI-45.  To dedope PANI-PAAMPSA, excess ammonium 
hydroxide is added to dilute PANI-PAAMPSA aqueous dispersions.  We added 10-, 20-
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, 30-, 50-, and 80-fold molar excess of ammonium hydroxide to PANI-PAAMPSA-45, -
83, -106, -255, and -724 dispersions, respectively.  The dedoping process becomes 
increasingly inefficient with increasing PAAMPSA molecular weight due to mass 
transfer limitations of high molecular weight polymers.  Figure 3.3 shows the 13C NMR 
spectra of (a) PANI-724 and (b) PANI-45.  The spectra appear to be largely similar, 
indicating the presence of linear, para-directed PANI and some residual PAAMPSA in 
both dedoped polymers.  The two spectra, however, differ in the intensity of the 
PAAMPSA resonances; it appears that PANI-724 contains more residual PAAMPSA 
than PANI-45 despite the fact that more ammonium hydroxide was added to dedope 
PANI-PAAMPSA-724. 
On the other hand, 15N solid-state NMR provides interesting insights into the 
structure of PANI because 15N chemical shifts in PANI are very sensitive to the 
distribution of the positive charges on the polymer backbone.21, 29  In fact, the structure 
of PANI has been widely investigated using 15N solid-state NMR.21, 25, 29, 30  For 
example, Figure 3.4 shows the 15N NMR spectrum of PANI that is enzymatically-
synthesized on PVP.29  Figure 3.5 shows the changes in chemical structure of PANI 
during its proton doping process.  We assigned the peaks in Figure 3.4 according to the 
chemical structure of PANI shown in Figure 3.5.26  Peak 1 at near 300 ppm in Figure 3.4 
is broad and corresponds to residual unprotonated imine nitrogens (denoted 1 in Figure 
3.5 (a)).  Peak 2 (δ = 140 ppm) is associated with protonated imine nitrogens (denoted 2
in Figure 3.5 (b)) and peak 3 (δ = 81 ppm) is assigned to amine nitrogens (denoted 3 in 
Figure 3.5 (b)).  The peak at 24.5 ppm is attributed to the presence of residual anilinium 
monomers.31  The presence of unprotonated imine nitrogens suggests incomplete 
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protonation of PANI during its template polymerizaton on PVP.  Given that the PANI 
is not fully doped, the low conductivity of this sample (~ 10-3 S/cm) is not surprising.  
Additionally, the presence of protonated imine nitrogens and amine nitrogens indicates 
that the positive charges are localized on the imine nitrogens along the PANI backbone, 
further contributing to the low conductivity of PANI-PVP.  The chemical structure of 
PANI-PVP thus resembles that drawn in Figure 3.5 (b) where the charges are localized 
on the imine nitrogens in PANI backbone, rather than the one in Figure 3.5 (c).  Such 
chemical structure where the cations are localized on individual imine nitrogens hinders 
efficient charge transport along the PANI backbone a d thus results in lower conductivity 
to the material.     
Figure 3.6 shows the 15N NMR spectra of (a) PANI-PAAMPSA-724 and (b) 
PANI-PAAMPSA-45.  The chemical structure of PANI during its doping process is 
shown in Figure 3.5; this chemical structure is used to assign the 15N NMR peaks in 
Figure 3.6.  Peak 1 (δ = 322 ppm) is attributed to residual unprotonated imine nitrogens 
in the 15N NMR spectrum of PANI-PAAMPSA-724, as observed in that of PANI-PVP.  
The presence of these neutral imine nitrogens indicates that PANI-PAAMPSA-724 is 
also not completely doped as-synthesized.  On the other hand, the 15N NMR spectrum of 
PANI-PAAMPSA-45 does not exhibit any intensity in the range between 300 and 400 
ppm, indicating that PANI-PAAMPSA-45 is completely doped as-synthesized.   
In the 15N NMR spectra of both PANI-PAAMPSA-724 and PANI-PAAMPSA-
45, we observe a single peak at 115 ppm, midway between the chemical shifts for 
protonated imines (Figure 3.5 (b)-2  and neutral amines (Figure 3.5 (b)-3).  This peak is 
assigned to the protonated amines whose charges are completely delocalized along the 
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PANI-PAAMPSA backbone (Figure 3.5 (c)-4 .21, 25, 29  Unlike the 15N NMR spectrum of 
PANI-PVP (Figure 3.4), we only observe a single peak attributed to delocalized amine 
nitrogens in the 15N NMR spectrum of PANI-PAAMPSA.  Peaks associated with other 
nitrogen environments, including protonated imine nitrogens25, 29 and uncharged amine 
nitrogens21, 29 are not observed in the vicinity.  The lack of these peaks indicates that 
only delocalized nitrogen species exist along both PANI-PAAMPSA-724 and -45 
backbones (Figure 3.5 (c)-4 .  The extent of charge delocalization in PANI-PAAMPSA 
had not previously been observed in other polymer acid-templated PANI systems, and 
should result in the higher conductivities compared to systems like PANI-PVP.   
In addition to the peaks associated with delocalized amine nitrogens, we observe a 
sharp and intense peak at 26 ppm in Figures 3.6 (a) and (b).  Based on the chemical 
shift, we believe this peak arises from the presence of anilinium monomers that did not 
react during polymerization.31  The assignment of this peak is further confirmed by the 
fact that it is suppressed when PANI-PAAMPSA is washed and precipitated repeatedly.  
For example, Figure 3.7 shows the 15N NMR spectra of (a) three-times precipitated 
PANI-PAAMPSA-45 and (b) as-synthesized PANI-PAAMPSA-45.  The peak at 26 
ppm is suppressed greatly in the spectrum of three-tim s precipitated PANI-PAAMPSA-
45 because most of anilinium monomers were removed during the multiple 
precipitations.     
Figure 3.8 shows the 15N NMR spectra of (a) PANI-724 and (b) PANI-45.  Peak 
1 at 320 ppm is associated with imine nitrogens (denoted 1 in Figure 3.5 (a)) and peak 5 
at 73 ppm corresponds to amine nitrogens (denoted 5 in Figure 3.5 (a)).31-33  There is no 
resonance at 26 ppm assigned to anilinium monomers in these spectra.  The absence of 
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this peak indicates that unreacted anilinium monomers have been washed away during 
the deprotonation process.  Careful examination of these 15N NMR spectra also suggests 
the presence of residual PAAMPSA after deprotonation of PANI as observed in the 13C 
NMR spectra of PANI-724 and PANI-45 (Figure 3.3).  Figure 3.9 shows three fold 
magnified 15N NMR spectra of (a) PANI-724 and (b) PANI-45 in the range between 80 
and 200 ppm.  A small peak at ~ 120 ppm is observed in both spectra, and this peak is 
assigned to the amide nitrogens associated with residual PAAMPSA after deprotonation 
of PANI.  Consistent with the 13C NMR spectra in Figure 3.3, the presence of this peak 
indicates that these PANI have not been completely d protonated due to mass transfer 
limitations of high molecular weight polymers. 
We have observed from 15N NMR experiments that the molecular weight of 
PAAMPSA influences the structure of PANI-PAAMPSA.  Specifically, PANI that is 
doped with PAAMPSA-724 is not completely doped, whereas PANI that is doped with 
PAAMPSA-45 is completely doped as-synthesized.  It follows that the conductivity of 
PANI-PAAMPSA-45 should be higher than that of PANI-PAAMPSA-724.   
To examine the electronic structure of PANI-PAAMPSA, we performed UV-vis-
NIR spectroscopy on PANI-PAAMPSA samples.  The UV-vis-NIR spectra of PANI-
PAAMPSA are shown in Figure 3.10 (a).  All the PANI-PAAMPSA samples exhibit 
absorptions that are characteristic of conductive PANI previously published.34-36  The 
peak at 310 nm corresponds to the π-π* transition of the benzenoid.  The peak at 450 
nm is attributed to the polaronic shoulder and the other absorption peak at approximately 
800 nm corresponds to the polaron interband transitio .34-36  The presence of these 
absorption bands suggests the conductive form of PANI-PAAMPSA.  The optical 
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spectrum of PANI-PAAMPSA-724 is consistent with that reported for PANI that adopts 
a “compact coil” structure, and is typically associated with materials having lower 
conductivities.37  As we decrease the PAAMPSA molecular weight, however, the 
polaron interband transition broadens and red shifts, and the spectrum approaches that of 
an “expanded chain” structure.37  The location of the polaron interband transition, λmax, 
is quantified in Figure 3.10 (b) for clarity.  In the “expanded chain” structure, charge 
transport should occur more efficiently compared to that in the “compact coil” structure.  
The conductivity of PANI-PAAMPSA should thus be higher in the “expanded chain” 
structure.  The shift of λmax to higher wavelengths with decreasing PAAMPSA 
molecular weight is therefore indicative of increasing conductivities. 
 Figure 3.11 shows the UV-vis-NIR spectrum of PANI-45.  After deprotonation 
of PANI-PAAMPSA-45, the polaronic shoulder and polarn peak at 450 nm and 800 nm, 
respectively, completely disappear, while the emergence of a new absorption at 630 nm is 
observed due to the exciton transition of quinoid rings.10, 17, 36  This observation is 
consistent with the UV-vis-NIR spectrum of emeraline base form of PANI, and indicates 
a para-directed, head-to-tail configuration of PANI when synthesized in the presence of 
PAAMPSA, as verified by the 13C NMR studies on these materials (Figure 3.2).10, 17, 36  
 To examine the crystallinity of PANI-PAAMPSA, we acquired XRD on PANI 
that is doped with PAAMPSA having varying molecular weights, as shown in Figure 
3.12.  The peak at 2θ = 26° is observed in all PANI-PAAMPSA samples.  This peak is 
broader than other Bragg reflections and is associated with the ionic association between 
aniline and sulfonic acid groups.16, 17  For PANI that is synthesized with the two higher 
molecular weights PAAMPSA (255 and 724 kg/mol), only the ionic association peak at 
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2θ = 26° is observed.  For PANI that is synthesized with lower molecular weights 
PAAMPSA, other Bragg reflections are also observed.  These peaks are associated with 
the crystallinity of PANI because PAAMPSA is amorphous (Figure 3.13).  The number 
of Bragg reflections and the intensity of the reflections increase, indicating an increase in 
PANI crystallinity with decreasing PAAMPSA molecular weight.6 
 Because the crystallinity of PANI is low, we attempted to draw fibers in hopes to 
identify their crystal structure.  Drawn fibers are g nerally more crystalline with large 
extents of orientation.  There are thus forbidden reflections with drawn fibers, which can 
aid the determination of crystal structures and dimensions of PANI.  We thus attempted 
to prepare PANI-PAAMPSA fibers by electrospinning.38, 39  Figure 3.14 shows the 
electrospinning setup for the preparation of PANI-PAAMPSA fibers.  The apparatus 
consists of a high voltage, low current transformer (Spellman CZE 1000R), a glass 
syringe with a hypodermic needle (20G1/2), a glass petri dish, and an aluminum (Al) foil 
that serves as a cathode.  In the experimental setup, the hypodermic needle that is filled 
with an aqueous PANI-PAAMPSA dispersion is placed with its tip facing the petri dish.  
The positive end of the transformer is attached to the tip.  The distance between the tip 
of the needle and the acetone surface is varied from 1 cm to 5 cm.  The Al foil is placed 
under the petri dish containing acetone and is connected to electrical ground.  Fibers can 
then be collected in the glass petri dish containing acetone.  The potential difference 
between the tip and the counter electrode varies between 10 kV and 25 kV.   
 When we attempted to make PANI-PAAMPSA fibers at 10 kV using a 10 wt% 
PANI-PAAMPSA dispersion, the dispersion spread in acetone because the viscosity and 
surface tension of the dispersion were not high enough to maintain a stable droplet at the 
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end of the capillary tip.  To make a stable drop at the end of the tip, we added > 5 wt% 
polyethylene oxide (PEO) into the 10 wt% PANI-PAAMPSA dispersion in hopes to 
increase viscosity.  The PANI-PAAMPSA/PEO dispersion was markedly more viscous 
than PANI-PAAMPSA dispersion without PEO.  Increasing the potential difference 
between the tip and counter electrode up to 25 kV resulted in a polymer dispersion drop, 
not a fiber, which precipitated into acetone.  We also applied slight pressure on the 
syringe piston at 10 kV, but did not observe fiber formation at these conditions either.  
We then decreased the distance between the needle tip and the acetone surface from 5 cm 
to 1 cm; this method did not help to form fibers as well.  Further increasing the applied 
potential up to 25 kV caused electrical sparks.  As mentioned in Chapter 2, PANI-
PAAMPSA forms electrostatically-stabilized sub-micron colloidal particles during 
polymerization due to strong ionic interactions between the sulfonic acid groups in 
PAAMPSA and aniline.  Given the strong ionic interactions between PANI and 
PAAMPSA, such particles do not easily break up and their characteristics do not change 
with processing.  In retrospect, fiber formation would first require the breaking up of 
these electrostatically stabilized particles, which s difficult given the strong ionic 
interactions.  Identifying the crystal structure of PANI-PAAMPSA thus still remains 
challenging. 
To examine the structure-conductivity relationships of PANI-PAAMPSA, we 
measured the bulk conductivity of PANI-PAAMPSA.  For this experiment, we first 
prepared 5 wt% PANI-PAAMPSA dispersions in DI water; hese dispersions were stirred 
for 10 days.  The dispersions were then drop cast onto glass substrates with pre-defined 
gold electrodes.  The thicknesses of the films range from 8 to 12 µm; the higher the 
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molecular weight of PAAMPSA that is used to dope PANI, the thicker the resulting 
PANI-PAAMPSA film.  The electrical conductivities of these PANI-PAAMPSA films 
were measured using both the four-probe method and the transmission-line method at 
room temperature.40, 41   
Figure 3.15 shows the electrical conductivity of PANI-PAAMPSA films as a 
function of the molecular weight of the corresponding PAAMPSA templates.  As the 
molecular weight of PAAMPSA decreases from 724 to 45 kg/mol, the conductivity of 
PANI-PAAMPSA increases by approximately 3-fold (open circles); the highest 
conductivity we observed is 1.1 S/cm with PANI-PAAMPSA-45.  The conductivities 
reported in Figure 3.15 represent averages from multiple measurements by both four-
probe and transmission-line methods on films cast from different batches of dispersions 
and the error bars represent standard deviations frm the average values.  In all cases, 
the measured conductivities of PANI-PAAMPSA are signif cantly higher than those 
previously reported for PANI that were chemically synthesized on other polymer acids 
(10-5 - 10-2 S/cm),10, 16, 17 and are slightly higher than those for PANI that were 
enzymatically synthesized on polymer acids (10-2 - 10-1 S/cm).11, 14, 29  Given results 
from our solid-state NMR experiments, this enhanced conductivity of PANI-PAAMPSA 
compared to other polymer acid templated systems was somewhat expected.  
Specifically, our 13C NMR experiments indicate a para-directed structure of PANI-
PAAMPSA.  This structure results in linear PANI chains with low defect densities and 
allows efficient charge transport along the PANI backbone.  It is thus not surprising that 
PANI-PAAMPSA have higher conductivities (10-1 – 1 S/cm) compared to other PANI 
systems having high defect densities.  For example, PANI that is enzymatically-
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synthesized without a polymer acid template contains both ortho and meta linkages; 
crosslinking of PANI chains was also observed.21  These structural defects act as 
electronic defects as they forbid the hopping of carriers, which is necessary for 
macroscopic conductivity.21  Furthermore, 15N NMR studies suggest that charge carriers 
are delocalized along the PANI-PAAMPSA backbone.  This large extent of charge 
delocalization is not generally observed in other polymer acid-templated PANI systems.  
Instead, positive charges are typically localized on individual imine nitrogens in other 
polymer acid-doped PANI systems.  With charges localized, these materials exhibit 
correspondingly lower electrical conductivities.  We thus believe that the large extent of 
charge delocalization in PANI-PAAMPSA, not generally observed in other polymer acid 
templated PANI systems, is responsible for the high conductivity in our materials 
compared to other polymer acid-doped PANI systems. 
The observed increase in the conductivity of PANI-PAAMPSA with decreasing 
PAAMPSA molecular weight is attributed to a more “open” structure of the polymer acid 
template at lower molecular weights.  In the “open” conformation in water, the sulfonic 
acid groups are more accessible for doping,37, 42 resulting in higher conductivities of 
PANI-PAAMPSA.  The direct correlation between this electrical conductivity and 
polymer conformation is observed when comparing the electrical measurements to results 
from UV-vis-NIR spectroscopy.  As the molecular weight of PAAMPSA decreases, we 
observed that the UV-vis-NIR spectrum of PANI-PAAMPSA approaches that of an 
“expanded chain” structure.  When the polymer chains become more “expanded”, the 
polaron band becomes more delocalized, so the condutivity increases.  The shift of λmax 
to higher wavelengths with decreasing PAAMPSA molecular weight therefore is 
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indicative of increasing the conductivity of PANI-PAAMPSA.  We also observed a 
linear correlation between the extent of crystallinity and conductivity.  An increase in 
the crystallinity of PANI-PAAMPSA was observed with decreasing PAAMPSA 
molecular weight, and this higher crystallinity is strongly correlated with a higher 
conductivity of the polymer.  Additionally, our solid-state NMR experiments indicate 
the importance of local structural order of polymer acid template on the conductivity of 
PANI-PAAMPSA.  An increase in the local order of PAAMPSA template (with 
decreasing PAAMPSA molecular weight) is directly correlated with an increase in the 
conductivity of PANI-PAAMPSA.  Specifically, PANI that is doped with PAAMPSA 
of a small molecular weight is completely doped, and thus exhibits higher conductivity.  
This observation can be confirmed by the conductivity measurements of PANI-
PAAMPSA films after exposure them to HCl vapor for additional doping.  We exposed 
PANI-PAAMPSA films to HCl vapor for 30 min after the initial conductivity 
measurements.15  We then remeasured the electrical conductivity of the films.  Figure 
3.16 shows the conductivity of PANI-PAAMPSA with varying PAAMPSA molecular 
weight before (○) and after (□) exposure to HCl vapor.  The conductivities of PANI-
PAAMPSA-724 and -255 increase slightly after exposure to HCl vapor, while the 
conductivities of the other samples remain largely unchanged.  The observed increase in 
conductivity upon exposure to HCl vapor suggests that only PANI-PAAMPSA-724 and -
255 were not completely doped as-synthesized.  PANI that was synthesized with lower 
molecular weight PAAMPSA is completely doped as-synthesized; further exposure to 
acid does not improve the electrical conductivity.   
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In this study, we synthesized and characterized a series of water-dispersible PANI 
with PAAMPSA templates.  Variation of the molecular weight of PAAMPSA allows for 
control over the resultant conductivity of PANI-PAAMPSA.  Specifically, the 
conductivity of PANI-PAAMPSA increases as the molecuar weight of PAAMPSA 
decreases.  The increase in conductivity of PANI-PAAMPSA is directly correlated with 
increases in PANI crystallinity and conjugation length.  Given that the crystallinity and 
conjugation length of PANI qualify the molecular orde  in PANI-PAAMPSA, we 
observed a linear correlation between molecular order and macroscopic charge transport 
in PANI-PAAMPSA.   
  
THE INFLUENCE OF ANILINE TO ACID COMPOSITION ON THE  
ELECTRICAL CONDUCTIVITY OF PANI-PAAMPSA  
We also investigated the influence of the compositin of PANI-PAAMPSA, as 
probed by the aniline to acid molar ratio, on the electrical conductivity of the resulting 
material.  For this study, we used PAAMPSA-45 to synthesize PANI at varying aniline 
to sulfonic acid group molar feed ratios of 1:0.5, 1:1, 1:1.5, 1:2, and 1:3.  We refer to 
these polymers as PANI-PAAMPSA x:y where x:y is the aniline to sulfonic acid group 
molar ratio determined by x-ray photoelectron spectros opy (XPS).  Dedoped PANI-
PAAMPSA x:y is denoted PANI x:y where x:y again denotes the aniline to sulfonic acid 
group molar ratio obtained by XPS.   
To determine the structure of PANI-PAAMPSA in this series, we performed 13C 
solid-state NMR on PANI-PAAMPSA samples.  Figure 3.17 shows the 13C NMR 
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spectra of PANI-PAAMPSA 1:0.72, 1:0.83, 1:1.26, and 1:1.91, as well as PAAMPSA-
45.  The ratios shown in Figure 3.17 are different from the prescribed molar feed ratios 
because a portion of unreacted aniline monomers is washed away during precipitation.  
The peaks for PAAMPSA-45 are assigned in Figure 3.17 (e) in accordance to the 
chemical structure.16, 22  The peak assignments were detailed earlier in this c apter.  In 
addition to the polymer acid peaks between 10 and 70 ppm, as well as that at 175 ppm, a 
broad bump due to charge delocalization along the PANI backbone24, 25 appears between 
100 and 160 ppm in the PANI-PAAMPSA spectra (Figure 3.17 (a)-(d)), and its intensity 
increases with decreasing PAAMPSA content.  This observation indicates that PANI 
content increases in PANI-PAAMPSA samples as the PAAMPSA content decreases.   
To resolve the peaks associated with PANI, we carried out 13C NMR solid-state 
NMR on all the dedoped PANI-PAAMPSA samples.  Figure 3.18 shows the 13C NMR 
spectra on the dedoped form of PANI-PAAMPSA with varying aniline to acid molar 
ratios.  The peaks in Figure 3.18 are assigned in accordance to the chemical structure of 
the base form of PANI.  Like all the previous PANI-PAAMPSA samples analyzed, the 
chemical shifts shown in Figure 3.18 indicate that aniline is polymerized in a para-
directed, head-to-tail fashion in the presence of PAAMPSA.  This structure results in 
PANI that is linear and defect-free.27, 28  Very similar carbon environments are observed 
in all the 13C NMR spectra of PANI-PAAMPSA samples in this series.  Despite changes 
in composition, all the PANI-PAAMPSA are structurally very similar. 
To determine the nitrogen environments of PANI-PAAMPSA, we performed the 
15N solid-state NMR on PANI-PAAMPSA samples.  Figure 3.19 contains the 15N NMR 
spectra of PANI-PAAMPSA (a) 1:0.72, (b) 1:0.83, (c)1:1.26, and (d) 1:1.91.  In all the 
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15N NMR spectra of PANI-PAAMPSA samples, we do not observe any peaks at ~ 320 
ppm, which are associated with residual imine nitrogens (denoted 1 in Figure 3.5 (a)).29, 31  
This observation indicates that all the PANI-PAAMPSA samples in this series are 
completely doped as-synthesized.  A single peak 4 is observed at 115 ppm in all the 15N 
NMR spectra of PANI-PAAMPSA in this series (Figure 3.19).  This peak is assigned to 
the protonated amines whose charges are delocalized along the PANI-PAAMPSA 
backbone (Figure 3.5 (c)-4).21, 25, 29  We also observe a sharp and intense peak at 26 ppm 
in all the 15N NMR spectra of PANI-PAAMPSA, and its intensity increases with 
increasing PAAMPSA content in PANI-PAAMPSA.  This peak arises from residual 
anilinium monomers as mentioned above.31  To examine the influence of such anilinium 
monomers on the conductivity of PANI-PAAMPSA, we remeasured the conductivity of 
PANI-PAAMPSA 1:0.83 after we removed the residual ani inium monomers by multiple 
precipitations.  The conductivities were generally the same between the as-synthesized 
sample (1.09 S/cm) and the reprecipitated sample (1.01 S/cm).  This observation 
indicates that the presence of anilinium monomers does not impact the conductivity of 
PANI-PAAMPSA.  Our 15N NMR experiments show that all the PANI-PAAMPSA 
samples in this series are fully doped as-synthesized and have large extents of charge 
delocalization along the backbone.   
The XRD spectra of PANI-PAAMPSA with varying aniline to acid molar ratios 
are shown in Figure 3.20.  The ionic association peak between aniline and sulfonic acid 
group is observed at 2θ=26° in all the PANI-PAAMPSA samples.43  The number of 
Bragg reflections and the intensity of the reflections appear to decrease, indicating a 
decrease in crystallinity with increasing PAAMPSA content in PANI-PAAMPSA.6  
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This observation is expected because PAAMPSA is amorphous; larger amount of 
amorphous polymer acid chains would make ordering of PANI chains difficult.   
The UV-vis-NIR spectra of PANI-PAAMPSA samples are shown as a function of 
aniline to acid molar ratio in Figure 3.21 (a).  The peaks corresponding to π-π* 
transition of benzenoid, polaronic shoulder, and polaron interband transition34-36 are 
observed in the spectra as previously described.  As the PAAMPSA content increases in 
PANI-PAAMPSA, the polaron interband transition of PANI-PAAMPSA red shifts.  The 
polaron interband transition blue shifts again with further increasing PAAMPSA content 
in PANI-PAAMPSA.  The position of polaron interband transition peak (λmax) is 
quantified in Figure 3.21 (b).  The shift of λmax to higher wavelengths typically indicates 
an increase in conjugation length of the material.  As the content of sulfonic acid group 
increases, it is expected to increase the number of sites for doping PANI.  The 
conjugation length of PANI therefore increases with ncreasing the amount of 
PAAMPSA.  However, PAAMPSA is inherently insulating.  Having excess 
PAAMPSA can thus hinder charge hopping and macroscopic conduction.  Therefore, 
the conjugation length of PANI-PAAMPSA decreases with further increasing the 
PAAMPSA content. 
To examine the structure-conductivity relationships of PANI-PAAMPSA as a 
function of aniline to acid ratios, we measured theel ctrical conductivities of PANI-
PAAMPSA films in this series.  The measured conductivities are shown in Figure 3.22 
(open circles).  As the sulfonic acid group content increases relative to that of aniline, 
the conductivity of PANI-PAAMPSA increases by approximately 6-fold.  PANI-
PAAMPSA at an aniline to sulfonic acid group ratio of 1:1.26 has the highest 
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conductivity of 2.6 S/cm in this series of polymer examined.  Further increasing the 
PAAMPSA content, however, results in a decrease in the conductivity of PANI-
PAAMPSA.  This conductivity trend is directly correlated with the changes in 
conjugation lengths of PANI with compositions as observed in the UV-vis-NIR spectra 
(Figure 3.21 (b)).  However, the structural changes of PANI-PAAMPSA with 
compositions observed from solid-state NMR and XRD studies are not correlated with 
the observed conductivity trend.  These experiments indicate UV-vis-NIR to be a very 
sensitive measure of conductivity.   
The 15N NMR spectra of PANI-PAAMPSA also show that all the PANI-
PAAMPSA films in this series are completely doped as-synthesized.  This observation 
is corroborated with the conductivity measurements after exposure the PANI-PAAMPSA 
films to HCl.  We exposed PANI-PAAMPSA films to HCl vapor for 30 min after the 
initial conductivity measurements,15 and then remeasured the electrical conductivity of 
the films (open squares in Figure 3.22).  The conductivities of all the PANI-PAAMPSA 
samples remain unchanged after exposure to HCl vapor; n indication that all the PANI-
PAAMPSA samples are completely doped as-synthesized.7, 43   
To identify the origin of the conductivity changes with compositions, we ideally 
would like to track the exact compositions of aniline that is associated with sulfonic acid 
groups that contribute to charge conduction.  In the repeating unit of PANI EB, there are 
two amine nitrogens and two imine nitrogens (Scheme 3.1 (a)).44, 45  During exposure to 
protonic acids, two acid groups are required per PANI repeat unit for complete doping 
(Scheme 3.1 (b)).  The four nitrogens then share the two donated protons (Scheme 3.1 
(c)).  The optimal aniline to acid molar ratio of fully doped PANI-PAAMPSA should 
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thus be 1:0.5.  In this series of PANI-PAAMPSA, the conductivity peaked at an aniline 
to acid molar ratio of 1:1.26.  This molar ratio, however, accounts for all the aniline 
monomers and sulfonic acid groups present in the sample, whether they are ionically 
associated each other or not.  Specifically, anilinium monomers, as well as extra 
sulfonic acid groups that are responsible for water dispersibility of the material are also 
present.  To truly elucidate the influence of the aniline to acid molar ratio on 
conductivity, we would need to know the fractions of aniline and sulfonic acid groups 
that are ionically associated.  We thus reprecipitated PANI-PAAMPSA into acetone to 
remove residual anilinium monomers from PANI-PAAMPSA.  We observed a 
significant decrease in the intensity of the anilinium monomer peak in the 15N NMR 
spectrum of PANI-PAAMPSA 1:0.83 after precipitation, i dicating that much of the 
residual anilinium monomers have been removed (Figure 3.7).  The molar ratio, as 
probed by XPS, increased from 1:0.83 to 1:1.23 after reprecipitation.  We also measured 
the electrical conductivity of the reprecipitated PANI-PAAMPSA 1:0.83.  Since residual 
aniline does not contribute towards the conductivity of PANI-PAAMPSA, the 
conductivity is unchanged after reprecipitation of the polymer (1.09 S/cm and 1.01 S/cm 
before and after reprecipitation, respectively).  Even though we have effectively 
removed all the anilinium monomers, this procedure do s not allow us to accurately 
account for the fractions of sulfonic acid groups that are ionically associated.  This 
complication in determining the composition accurately has hindered our ability to 
quantitatively elucidate the influence of compositin on the conductivity of PANI-
PAAMPSA.      
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In this study, we observed that an optimum ratio of aniline to sulfonic acid groups 
exists for the maximum conductivity of PANI-PAAMPSA.  The specific origin of this 
conductivity change with compositions remains unclear.  The electrical conductivity, 
however, is strongly correlated with the electronic structure of the material; PANI-
PAAMPSA with the highest conductivity contains the least electronic defects along the 
polymer backbone and has the longest conjugation length of PANI.  The position of 
polaron peak maximum, λmax, is thus a good indicator for the conductivity of PANI-
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Scheme 3.1. Proton doping of (a) PANI emeradine base (EB).  (b) PANI EB is 
protonated when exposed to an acid (HA).  (c) Charge delocalization allows for charge 











































Figure 3.1. 13C NMR spectra of PAAMPSA-45 (solid line) and PAAMPSA-724 (dotted 
line).  The chemical shifts are labeled accordingly on the chemical structure of 








































Figure 3.2. 13C NMR spectra of (a) PANI-PAAMPSA-45 and (b) PANI-45.  The 
chemical shifts of PANI-45 are labeled according to the chemical structure of the 















Figure 3.3. 13C NMR spectra of (a) PANI-724 and (b) PANI-45.  The intensity 
difference in the 10 – 70 ppm range is attributed to different amount of residual 










   
 
Figure 3.4. 15N NMR spectrum of PANI-PVP.  The chemical shifts are labeled 
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Figure 3.5.  Chemical structure changes of PANI during its proton doping process.  HA 
is an acid.  The numbers are labeled according to the peak assignments of 15N NMR 























Figure 3.6. 15N NMR spectra of (a) PANI-PAAMPSA-724 and (b) PANI-PAAMPSA-45.  

















Figure 3.7. 15N NMR spectra of (a) PANI-PAAMPSA-45 after three-times precipitation 




















Figure 3.8. 15N NMR spectra of (a) PANI-724 and (b) PANI-45.  The chemical shifts 
















Figure 3.9. Magnified 15N NMR spectra of (a) PANI-724 and (b) PANI-45 in the range 































































Figure 3.10. (a) UV-vis-NIR spectra of (i) PANI-PAAMPSA-45, (ii) -83, (iii) -106, (iv) -
255, and (v) -724.  The location of the polaron peak m ximum, λmax, of each spectrum is 

















































Figure 3.12. X-ray diffraction patterns of (a) PANI-PAAMPSA-45 (b) -83, (c) -106, (d) -








































































































Figure 3.16. The bulk conductivity of PANI-PAAMPSA with varying PAAMPSA 

































Figure 3.17. 13C NMR spectra of (a) PANI-PAAMPSA 1:0.72, (b) 1:0.83, (c) 1:1.26, (d) 
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Figure 3.18. 13C NMR spectra of (a) PANI-PAAMPSA 1:0.72, (b) 1:0.83, (c) 1:1.26, and 























Figure 3.19. 15N NMR spectra of (a) PANI-PAAMPSA 1:0.72, (b) 1:0.83, (c) 1:1.26, and 
(d) 1:1.91.  The chemical shifts are labeled according to the chemical structure as shown 



















Figure 3.20. X-ray diffraction patterns of PANI-PAAMPSA (a) 1:0.72, (b) 1:0.83, (c) 






























































Figure 3.21. (a) UV-vis-NIR spectra of (i) PANI-PAAMPSA 1:0.72, (ii) 1:0.83, (iii) 
1:1.05, (iv) 1:1.26, and (v) 1:1.91.  The individual spectra have been shifted along the y 







































Figure 3.22. The bulk conductivity of PANI-PAAMPSA with varying aniline to acid 
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Chapter 4: The influence of PAAMPSA molecular weight 
distribution on the conductivity of PANI-PAAMPSA 
 
The use of water soluble polymer acid templates to dope polyaniline (PANI) 
promotes water dispersibility, thereby solution processibility, to the resulting polymer 
acid-doped PANI.  This water dispersibility, however, comes at the expense of reduced 
conductivity, likely due to additional structural disorder that is introduced during 
template polymerization.1, 2  The conductivities of polymer acid templated PANI are 
thus generally low (10-5 - 10-2 S/cm).1-6  Our first attempt to improve the conductivity of 
polymer acid-doped PANI involved the use of poly(2-acrylamido-2-methyl-1-
propanesulfonic acid), or PAAMPSA, as a polymer acid template.  As detailed in 
Chapter 3, we successfully improved the conductivity of PANI-PAAMPSA from 0.4 
S/cm to 1.1 S/cm by decreasing the molecular weight of PAAMPSA.  This initial 
observation implicated the importance of the polymer acid template on the conductivity 
of PANI, and suggests that further enhancement of conductivity is achievable through 
proper control of the molecular characteristics of p lymer acid template.  In this chapter, 
we detail how the molecular weight distribution of PAAMPSA impacts the structure and 
electrical conductivity of PANI-PAAMPSA.   
For this study, we first synthesized PAAMPSA having a narrow molecular weight 
distribution via atom transfer radical polymerization (ATRP).  We varied the molecular 
weights of these polymers from 30 kg/mol to 287 kg/mol.  We refer to the resulting 
polymers as aPAAMPSA-X where X refers to the PEO-equivalent number average 
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molecular weight of the polymer in kg/mol.  The polydispersity indices (PDIs) of these 
polymers range between 1.16 and 1.28, which are lower than those of PAAMPSA 
synthesized via conventional free-radical polymerization (CFRP) (PDI = 1.43 - 1.64).  
In fact, Figure 2.1 shows the GPC traces of (a) aPAAMPSA-30 (PDI = 1.16) and (b) 
PAAMPSA-45 (PDI = 1.43).  While both traces are monomodal, the GPC trace of (a) 
aPAAMPSA-30 is significantly narrower than that of (b) PAAMPSA-45, indicating that 
aPAAMPSA-30 has a narrower molecular weight distribuion compared to PAAMPSA-
45.  We then oxidatively polymerized aniline in the presence of aPAAMPSA at a 
1:1:0.9 aniline : acid : oxidizing agent molar feed ratio, as same as the synthesis of PANI-
PAAMPSA.  The resulting PANI-aPAAMPSA is denoted as PANI-aPAAMPSA-X with 
X being the PEO-equivalent number-average molecular weight of the aPAAMPSA 
template in kg/mol.  The detailed synthesis procedur s and molecular characteristics of 
aPAAMPSA and PANI-aPAAMPSA were described in Chapter 2.  PANI-aPAAMPSA 
were characterized and compared against PANI-PAAMPSA at comparable polymer acid 
molecular weight to examine the influence of PAAMPSA molecular weight distribution 
on the structure and conductivity of PANI-PAAMPSA. 
 Figure 4.1 plots the electrical conductivities of PANI-aPAAMPSA (solid circles) 
and those of PANI-PAAMPSA (open circles) as a function of the molecular weight of 
PAAMPSA (and aPAAMPSA).  The PDIs of PAAMPSA (and aPAAMPSA) are labeled 
in brackets accordingly.  The conductivity of PANI-aPAAMPSA increases as the 
molecular weight of aPAAMPSA decreases from 287 kg/mol to 30 kg/mol.  This trend 
is consistent with that observed in PANI-PAAMPSA in Chapter 3.  When we compare 
the electrical conductivities of PANI-PAAMPSA and PANI-aPAAMPSA at comparable 
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polymer acid molecular weights, we observe that the conductivity of PANI-aPAAMPSA 
is consistently twice to three times higher than that of PANI-PAAMPSA.  As mentioned 
in Chapter 3, PANI that is doped with PAAMPSA of a high molecular weight is not 
completely doped because the large polymer acid chains are more compact in water so 
their sulfonic acid groups are less accessible for d ping.  The conductivity of the 
resulting PANI-PAAMPSA is thus generally lower than that of PANI that is doped with 
lower molecular weight PAAMPSA.  Given this fact that a decrease in PAAMPSA 
molecular weight is correlated with increasing PANI-PAAMPSA conductivity, we 
speculate that narrow polymer acid molecular weight distributions reduce the population 
of excessively larger polymer acid chains, which are f equently associated with 
incomplete doping.  This reduction of chain length distribution thus in turn enhances the 
inherent conductivity of the templated PANI.   
 To examine the nature of charge transport, we carried out temperature-dependent 
conductivity measurements on PANI-PAAMPSA and PANI-aPAAMPSA films in a 
cryostat between 81 K and 298 K.  Figure 4.2 shows the temperature-dependent 
conductivities of (a) PANI-aPAAMPSA-30 and (b) PANI-PAAMPSA-45.  As we 
reduce the cryostat temperature, the electrical conductivities of both samples decrease by 
more than two or three orders of magnitude.  That te electrical conductivity deceases 
with decreasing temperature suggests semiconducting, rather than metallic, behavior in 
these polymers.7  In a metal, conductivity should increase with decreasing temperature 
due to reduced electron scattering at low temperatures.8  Further, the conductivity 
behavior in Figure 4.2 can be quantitatively described by an Arrhenius fit, suggesting that 
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charge transport in these polymers occurs via a thermally-activated hopping process.9-13  





















T ooσσ                    (4.1) 
 
where σ is the conductivity, σo is the pre-exponential constant, T is temperature, and To 
resembles the activation energy for hopping and is quantified in Kelvin.  Fitting the data 
to equation (4.1) results in To = 12,210 K for PANI-aPAAMPSA-30 and 20,610 K for 
PANI-PAAMPSA-45.  To is smaller for PANI-aPAAMPSA-30 compared to PANI-
PAAMPSA-45.  This observation suggests that the barrier to hopping is reduced in 
PANI-aPAAMPSA-30 compared to PANI-PAAMPSA-45. 
 To verify that narrowing the molecular weight distribution of polymer acid 
template is indeed responsible for the conductivity enhancement in PANI-aPAAMPSA, 
we conducted a series of control experiments.  First, we considered the differences in 
the polymerizations between PAAMPSA and aPAAMPSA.  CFRP is straightforward, 
and does not require any additional reagents other than the initiator.  ATRP is, however, 
more complicated than CFRP.  Specifically, ATRP requires the use of a metal-ligand 
complex, typically composed of a copper salt and an aniline-containing ligand.  The 
metal-ligand complex acts as a radical capping agent, which effectively reduces the 
instantaneous concentration of polymer radicals andthereby suppressing termination 
reactions.  As a result, we can obtain the polymers with narrow molecular weight 
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distributions.  Additionally, the use of the sodium salt form of AAMPSA, AAMPSA-
Na, is required for ATRP because the sulfonic acid group in AAMPSA can protonate the 
coordinating amine ligand.14  As such, we were concerned that residual metal ions, such 
as copper from the ATRP catalysts and sodium from the monomer, were responsible for 
the electrical conductivity enhancement we observed in PANI-aPAAMPSA.  To 
quantify the presence of such metal impurities in aPAAMPSA, we carried out atomic 
absorbance spectroscopy on all the aPAAMPSA samples prior to PANI synthesis.  In all 
the aPAAMPSA samples used, we only detected insignifica t amounts of sodium (< 500 
ppm in aPAAMPSA) and copper (< 50 ppm in aPAAMPSA) in the purified materials.  
These levels are near or at the detection limit of the instrument.  Specifically, the 
minimum detectable sodium level is higher than thatof copper because elemental sodium 
is pervasive in the atmosphere and is therefore difficult to exclude during atomic 
absorption spectroscopy experiments.  In fact, atomic absorption spectroscopy 
experiments carried out on PAAMPSA-724, which was polymerized directly from 
AAMPSA via CFRP, exhibited a sodium level of 350 ppm despite not having been 
intentionally exposed to sodium.  We thus attribute th  detected sodium levels in 
aPAAMPSA to ambient contamination.   
 We also wanted to rule out the possibility of residual AAMPSA monomer doping 
of PANI as the origin of conductivity enhancement i PANI-aPAAMPSA.  Indeed, 
previous reports have indicated that small molecule acid-doped PANI typically exhibits 
conductivities that are significantly higher than their polymer acid-doped counterparts.15, 
16  Further, our own experiments indicate that AAMPSA-doped PANI, though no longer 
solution processible, is more conductive (~ 10 S/cm) ompared to PANI-PAAMPSA or 
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PANI-aPAAMPSA.  To verify that residual AAMPSA had been completely removed 
prior to aniline polymerization, we conducted 1H NMR on all PAAMPSA and 
aPAAMPSA samples.  Figure 4.3 shows the 1H NMR spectrum of AAMPSA.  The 
different proton contributions have been labeled for clarity.  Peak a (δ = 1.3 ppm) 
corresponds to the protons in the two methyl groups (six protons).  Peak b (δ = 3.3 ppm) 
corresponds to the protons in the methylene unit adjacent to the sulfonic acid group (two 
protons).  Peak c (δ = 5.5 - 5.7 ppm) is associated with the proton on the nonterminal 
carbon in the double bond (one proton) and peak d (δ = 5.9 - 6.3 ppm) is associated with 
the protons on the terminal carbon in the double bond (two protons).  The 1H NMR 
spectra of (a) aPAAMPSA-30 and (b) PAAMPSA-45 are also shown in Figure 4.4.  The 
proton contributions have been labeled for clarity.  Since peaks a and b are attributed to 
the protons in the side chains of repeat unit, theyshould be at the same chemical shifts (δ 
= 1.3 and 3.3 ppm, respectively) as the corresponding peaks in the 1H NMR spectrum of 
AAMPSA monomer (a and b, respectively, in Figure 4.3).  Peaks c and d in the 1H 
NMR spectrum of AAMPSA monomer (δ = 5.5 - 5.7 and 5.9 - 6.3 ppm, respectively) 
should disappear after polymerization because these p aks are associated with the protons 
in the main chain of AAMPSA monomer where the polymerization occurs.  Instead, the 
other peaks appear at 1.8 – 2.1 and 1.5 – 1.8 ppm after polymerization (denoted c and d 
in the 1H NMR spectra of (a) PAAMPSA and (b) aPAAMPSA in Figure 4.4).  These 
peaks represent the methyne and methylene backbone pr tons, respectively.  The rest of 
peaks are associated with protons in solvents.  The most pronounced peak at 4.7 ppm is 
from water; this peak is observed in the spectra of both PAAMPSA-45 and aPAAMPSA-
30.  The peaks at 1.7 and 3.6 ppm, as well as thosein 2.7 – 2.9 ppm are only observed in 
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the spectrum of aPAAMPSA-30.  These peaks are associated with residual solvents 
from the ATRP reaction.  Specifically, the peaks at 1.7 and 3.6 ppm are due to the 
presence of residual THF; the peaks at 2.7 – 2.9 ppm are due to the presence of residual 
DMF.  Of particular interest are the protons associated with the double bond of 
AAMPSA that appear between 5.5 and 6.3 ppm (paeks c and d in Figure 4.3).  These 
peaks are not observed in the 1H NMR spectra of aPAAMPSA-30 and PAAMPSA-45 
(Figure 4.4 (a) and (b)), indicating the complete removal of residual AAMPSA (or 
AAMPSA-Na) upon polymerization and purification.  Given the results above, we are 
confident that the observed higher conductivities of PANI-aPAAMPSA do in fact 
originate from the narrower molecular weight distribut ons of aPAAMPSA.   
 To further substantiate our claim, we carried out an additional control experiment 
that further probes the molecular weight distribution of polymer acid as the origin for 
conductivity differences between PANI-PAAMPSA and PANI-aPAAMPSA.  For this 
experiment, we synthesized aPAAMPSA with a broad molecular weight distribution via 
ATRP.  To make this polymer, we intentionally leaked air into the polymerization 
medium during the ATRP reaction, so the resulting polymer has a broad molecular 
weight distribution.  This polymer, aPAAMPSA-226, has  PDI of 1.62.  PANI-
aPAAMPSA-226 exhibits the conductivity of 0.58 ± 0.02 S/cm; this conductivity is 
shown as a solid triangle in Figure 4.5.  For comparison, Figure 4.5 also includes all the 
conductivities of PANI-aPAAMPSA (solid circles) and those of PANI-PAAMPSA (open 
circles) studied for this study as a function of the molecular weight of polymer acid 
template.  The PDIs of PAAMPSA (and aPAAMPSA) are labe ed in brackets 
accordingly as well.  The conductivity of PANI-aPAAMPSA-226 is approximately half 
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that of PANI-aPAAMPSA-287 (1.07 ± 0.03 S/cm), a PANI specimen that was 
synthesized on aPAAMPSA having nominally comparable molecular weight as 
aPAAMPSA-226 but with a narrower molecular weight distribution (PDI = 1.28).  On 
the other hand, the conductivity of PANI-aPAAMPSA-226 is comparable with that of 
PANI-PAAMPSA-255, a PANI specimen that was template synthesized on a CFRP-
derived PAAMPSA having comparable molecular weight and molecular weight 
distribution (PDI = 1.64) with aPAAMPSA-226.  This comparison implicates a strong 
correlation between conductivity and molecular weight distribution.   
 Additionally, we blended three aPAAMPSAs of narrow molecular weight 
distributions: aPAAMPSA-22 (PDI = 1.11), aPAAMPSA-40 (PDI = 1.24), and 
aPAAMPSA-64 (PDI = 1.19) at a mass ratio of 1:2:2 to create an aPAAMPSA with a 
broad molecular weight distribution.  The resulting polymer has a PEO-equivalent 
number-average molecular weight of 45 kg/mol and a PDI of 1.40.  This polymer is 
referred to as aPAAMPSA-<45> in this study.  We template polymerized aniline on this 
polymer acid template, and the resulting PANI-PAAMPSA-<45> exhibits an electrical 
conductivity of 1.25 ± 0.03 S/cm (solid square in Fgure 4.5).  This conductivity is again 
approximately half that of PANI-aPAAMPSA-30 (2.39 ± 0.03 S/cm) but is comparable 
with that of PANI-PAAMPSA-45 (1.09 ± 0.03 S/cm).  The PDIs of aPAAMPSA-30 and 
PAAMPSA-45 are 1.16 and 1.43, respectively.  The combination of our control 
experiments indeed indicates the influence of molecular weight distribution of the 
polymer acid template on the conductivity of PANI-PAAMPSA (or PANI-aPAAMPSA).  
 The conductivity enhancement due to a narrowing of the molecular weight 
distribution of the polymer acid is accompanied by structural differences between PANI-
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PAAMPSA and PANI-aPAAMPSA, which were probed by UV-vis-NIR spectroscopy.  
Figure 4.6 shows the UV-vis-NIR spectra of PANI-aPAAMPSA with varying 
aPAAMPSA molecular weights.  All the PANI-aPAAMPSA samples exhibit 
absorptions that are characteristic of conductive PANI previously published.17-19  
Specifically, the peak at 310 nm corresponds to the π-π* transition of the benzenoid and 
the peak at 450 nm is attributed to the polaronic shoulder.17-19  The other absorption 
peak at approximately 800 nm corresponds to the polaron interband transition.17-19  The 
polaron interband transition of PANI-aPAAMPSA broadens and red shifts as the 
molecular weight of aPAAMPSA decreases, similar with the trend observed in the PANI-
PAAMPSA with decreasing PAAMPSA molecular weight (as ob erved in Chapter 3).   
 On the other hand, Figure 4.7 compares (a) the UV-vis-NIR spectrum of PANI-
aPAAMPSA-30 to (b) that of PANI-PAAMPSA-45.  Both spectra exhibit absorptions 
that are characteristic of conductive PANI.6  The polaron interband transition 
(approximately at 800 nm) of PANI-aPAAMPSA-30, however, is red shifted compared 
to that of PANI-PAAMPSA-45.  A red shift in the polaron interband transition generally 
implies an increase in the PANI conjugation length,6, 17-19 suggesting that charges are 
delocalized over larger length scales in PANI-aPAAMPSA-30 compared to PANI-
PAAMPSA-45.  For completeness, we have plotted the peak position of the polaron 
interband transition, λmax, in Figure 4.8 for all the samples we have examined in this 
study.  We observe a strong correlation between the conductivity and the λmax recorded 
for all of our samples.  Specifically, λmax increases linearly with increasing the 
conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA).  We have also plotted the 
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λmaxs of PANI-aPAAMPSA-226 (solid triangle) and PANI-aPAAMPSA-<45> (solid 
square).  Their λmaxs match the linear fit of λmax versus conductivity for PANI-
PAAMPSA (and PANI-aPAAMPSA) samples.  The linear correlations between the 
conductivities and λmaxs of PANI-PAAMPSA (and PANI-aPAAMPSA) indeed suggest 
that it is the size distribution of PAAMPSA (and aPAAMPSA) that influences the 
conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA). 
 X-ray diffraction (XRD) experiments carried out on PANI-aPAAMPSA and 
PANI-PAAMPSA also reveal significant structural differences.  Figure 4.9 shows the 
XRD spectra of PANI-aPAAMPSA with varying aPAAMPSA molecular weights.  The 
peak at 2θ = 26° is associated with the ionic association between aniline and sulfonic acid 
groups in aPAAMPSA.2, 3  The other Bragg reflections correspond to the crystallinity of 
PANI.  aPAAMPSA is amorphous and only contributes to the amorphous bump in the 
XRD spectrum of PANI-aPAAMPSA.  The XRD spectrum of aPAAMPSA-30 is shown 
in Figure 4.10.  When the molecular weight of aPAAMPSA decreases, the number of 
Bragg reflections and the intensity of the reflections gradually increase, indicating an 
increase in the crystallinity of PANI with decreasing aPAAMPSA molecular weight.6, 20  
This trend is similar to what was observed in PANI-PAAMPSA as a function of 
PAAMPSA molecular weight in Chapter 3.  On the other and, Figure 4.11 (a) contains 
the XRD spectra of PANI-aPAAMPSA-30, PANI-PAAMPSA-45, as well as PANI-
aPAAMPSA-<45> and PANI-AAMPSA, the monomer acid doped counterpart.  Figures 
4.11 (b) and (c) provide magnified views of the XRD spectra in the ranges of 18o ≤ 2θ ≤ 
23o and 27o ≤ 2θ ≤ 33o, respectively.  While the XRD spectra of PANI-PAAMPSA-45 
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and PANI-aPAAMPSA-<45> are similar (Figure 4.11 (b)), the Bragg reflection at 2θ = 
21.2o in the XRD traces of PANI-PAAMPSA-45 and PANI-aPAAMPSA-<45> is shifted 
to smaller 2θ = 20.6o in the XRD traces of PANI-aPAAMPSA-30 and PANI-
AAMPSA.  Furthermore, we observe two weak Bragg reflections in Figure 4.11 (c) for 
PANI-PAAMPSA-45 and PANI-aPAAMPSA-<45>, but three Bragg reflections for 
PANI-aPAAMPSA-30 and PANI-AAMPSA.  The combination ofthese observations 
implies that PANI-aPAAMPSA-30 adopts a crystal structure that is different from that of 
PANI-PAAMPSA-45 or PANI-aPAAMPSA-<45>, but one that is similar to PANI-
AAMPSA.  Given PANI is the only crystallizable specis in the polymer complexes and 
that the polymer complexes are chemically identical, we are surprised to see differences 
in the crystal structures of PANI-PAAMPSA and PANI-aPAAMPSA.  We believe that 
the different crystal structure of PANI is responsible for the higher conductivity of PANI-
aPAAMPSA.  To identify the crystal structure of PANI, we attempted to draw fibers by 
electro-spinning21, 22 because the crystallinity of PANI is low in our materials.  The 
drawn samples will be more oriented and thus have a higher crystallinity.  There should 
also be forbidden reflections with drawn fibers, which will aid the determination of 
crystal structures and dimensions of PANI.  XRD canbe then carried out on these drawn 
fibers for crystal lattice determination.  As detailed in Chapter 3, PANI-PAAMPSA (and 
PANI-aPAAMPSA) fibers, however, were not successfully drawn.  PANI-PAAMPSA 
(and PANI-aPAAMPSA) forms electrostatically-stabilized sub-micron colloidal particles 
during the polymerization by strong ionic interactions between sulfonic acid groups in 
PAAMPSA and aniline.  Given the strong ionic interactions between PANI and 
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PAAMPSA, such particles do not easily break apart and their characteristics cannot be 
easily changed with processing.  With these strongly bound PANI-PAAMPSA particles, 
it is difficult to form PANI-PAAMPSA fibers.  Identifying the crystal structure of 
PANI-PAAMPSA and that of PANI-aPAAMPSA remains challenging. 
In conclusion, narrowing the molecular weight distribution of the polymer acid 
that is subsequently used to template synthesize PANI strongly influences the structure 
and conductivity of resulting PANI-PAAMPSA complexes.  The use of aPAAMPSA of 
comparable molecular weight but narrower molecular weight distribution results in the 
PANI that adopts a different crystal structure, is more crystalline, and has longer 
conjugation lengths.  Given the fact that PANI-PAAMPSA (and PANI-aPAAMPSA) 
forms electrostatically-stabilized colloidal particles, the crystallinity or conjugation 
length of PANI qualifies the molecular order within the particles.  Since PANI chains 
are ionically associated with PAAMPSA (or aPAAMPSA) chains in the particles, the 
molecular order within the particles indicates how the PANI chains are aligned and 
therefore how efficient charge transport occurs within the particles.  The increases in 
PANI crystallinity and conjugation length therefore provide an indirect measure of 
efficient intra-particle charge transport.  Therefo, a two- to three-fold higher 
conductivity of PANI-aPAAMPSA compared to PANI-PAAMPSA is attributed to the 
fact that more efficient intra-particle charge transport occurs along the PANI-
aPAAMPSA backbones.  This chapter thus implicates th importance of the molecular 
characteristics of polymer acid template in efficient intra-particle charge transport of 
PANI-PAAMPSA (or PANI-aPAAMPSA) samples and further in the high electrical 
conductivity of the materials.  Such studies should enable the development of PANI that 
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is not only easily processible from solution, but also sufficiently conductive for electronic 
























































Figure 4.1. The conductivities of PANI-aPAAMPSA (●) and PANI-PAAMPSA (○) with 
varying PAAMPSA (or aPAAMPSA) molecular weights.  The PDIs of PAAMPSA (and 
aPAAMPSA) are labeled in brackets accordingly.   
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(b) T0 = 12,210 K














Figure 4.2. Temperature-dependent conductivity of (a) PANI-aPAAMPSA-30 and (b) 



















Figure 4.3. 1H NMR spectrum of AAMPSA in deuterium oxide.  The peaks have been 
labeled accordingly.  * indicates the water peak.   
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Figure 4.4. 1H NMR spectra of (a) aPAAMPSA-30 and (b) PAAMPSA-45 in deuterium 
oxide.  The peaks have been labeled accordingly.  * indicates solvent peaks.  The 
peak at 4.7 ppm is from water.  In (a), the peaks at 1.7 and 3.6 ppm are from the residual 




















































Figure 4.5. The conductivities of PANI-aPAAMPSA (●) and PANI-PAAMPSA (○) with 
varying PAAMPSA (or aPAAMPSA) molecular weights.  The PDIs of PAAMPSA (and 
aPAAMPSA) are labeled in brackets accordingly.  The conductivities of PANI-



























Figure 4.6. The UV-vis-NIR spectra of (a) PANI-aPAAMPSA-30, (b) -67, (c) -117, (d) -
150, and (e) -287.  The individual spectra have been shifted along the y axis for clarity. 
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Figure 4.8. The position of the polaron peak, λmax, extracted from the UV-vis-NIR spectra 
of PANI-aPAAMPSA (●) and PANI-PAAMPSA (○) as a function of the conductivity of 
the materials.  λmax of PANI-aPAAMPSA-<45> (■) and PANI-aPAAMPSA-226 (▲) 















Figure 4.9. XRD spectra of (a) PANI-aPAAMPSA-30, (b)-67, (c) -117, (d) -150, and (e) 














































Figure 4.11. (a) XRD spectra of (i) PANI-AAMPSA, (ii) PANI-aPAAMPSA-30 and (iii) 
-<45>, and (iv) PANI-PAAMPSA-45. The XRD spectra are magnified in (b) from 18o < 
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Chapter 5: PANI-PAAMPSA conductivity enhancement due to its 
particle connectivity 
 
Water-dispersible, polymer acid-doped polyaniline (PANI) is widely used in 
organic electronics, chemical sensors, conductive coatings, etc.1, 2  Despite their wide 
spread use, the conductivity of such polymer acid-dope  PANI is highly variable 
depending on the synthesis and processing procedures.3-5  Accordingly, a great deal of 
work has been performed on controlling the conductivity of polymer acid doped-PANI by 
changing the functional groups of the polymer acid templates and the synthetic 
parameters, or by exposing the conducting polymers to a solvent or organic compound.5-7  
Despite numerous studies on the electrical conductivity of PANI, the origin of 
conductivity in these systems remains poorly understood.  Given the promise of organic 
electronics and the potential wide incorporation of c nducting polymers in these devices, 
it is important that we understand the factors that govern the conductivity of these 
materials.    
We detailed the strong processing-structure-conductivity relationships of PANI 
that is doped with a polymer acid of poly(2-acrylamido-2-methyl-1-propanesulfonic 
acid), or PAAMPSA, in Chapters 3 and 4.  Specifically, controlling the molecular 
characteristics of PAAMPSA template, such as its molecular weight and molecular 
weight distribution, strongly influence both the structure and the conductivity of PANI-
PAAMPSA.  For example, we observed strong correlations between the crystallinity of 
PANI and the conductivity of PANI-PAAMPSA.  As mentioned in Chapter 2, PANI-
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PAAMPSA forms electrostatically-stabilized particles during polymerization by strong 
ionic interactions between the sulfonic acid groups of PAAMPSA and aniline.  Given 
that PANI-PAAMPSA forms such particles, we infer that the crystallinity qualifies the 
molecular order within these particles and therefore provides an indirect measure of intra-
particle charge transport.  In order for macroscopi conduction to occur across the bulk 
PANI-PAAMPSA films, however, inter-particle charge transport should be also 
considered.  In this chapter, we elucidate how the molecular characteristics of polymer 
acid template influence inter-particle charge transport in PANI-PAAMPSA films.  We 
will thus examine the structural characteristics of the same PANI-PAAMPSA studied in 
Chapters 3 and 4 on a larger length scale.  As a reminder, two series of PAAMPSA were 
prepared as a function of molecular weight.  One serie  was synthesized via 
conventional free-radical polymerization (CFRP) so their molecular weight distributions 
are broad (PDI = 1.43 – 1.64).  The other series wasynthesized via atom transfer 
radical polymerization (ATRP) so their molecular weight distributions are relatively 
narrow (PDI = 1.14 – 1.28) compared to those of CFRP-derived PAAMPSA.  The 
ATRP-derived PAAMPSAs are referred to as aPAAMPSA.  Full characterization of 
PAAMPSA and aPAAMPSA are provided in Table 2.1 of Chapter 2.  We denote PANI 
that was doped with CFRP-derived PAAMPSA as PANI-PAAMPSA-X, where X is the 
poly(ethylene oxide)-equivalent number-average molecular weight of PAAMPSA in 
kg/mol.  The other series of PANI is referred to as PANI-aPAAMPSA-X.  
To synthesize PANI-PAAMPSA (and PANI-aPAAMPSA), PAAMPSA (and 
aPAAMPSA) is first dissolved in water.  Aniline is then added and oxidatively 
polymerized along the PAAMPSA (and aPAAMPSA) backbone.  The sulfonic acid 
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groups in PAAMPSA (and aPAAMPSA) are responsible for d ping PANI.  Extra 
sulfonic acid groups can render water-dispersibility to the PANI-PAAMPSA (and PANI-
aPAAMPSA) complexes.  As increasingly more sulfonic acid groups participate in the 
doping of PANI during the course of polymerization, PAAMPSA (or aPAAMPSA) 
becomes less hydrophilic, and PANI-PAAMPSA (and PANI-aPAAMPSA) forms 
electrostatically-stabilized colloidal particles, the size of which is arrested during 
polymerization by strong ionic interactions between the sulfonic acid groups of 
PAAMPSA (and aPAAMPSA) and the PANI backbone.8  As such, the particles 
characteristics do not change even when PANI-PAAMPSA is purified, dried, and then 
resuspended in water for further processing.  Such particles can be imaged by 
transmission electron microscopy (TEM).  Figure 5.1 shows the representative TEM 
micrographs of (a) PANI-PAAMPSA-724, (b) PANI-PAAMPSA-45, and (c) PANI-
aPAAMPSA-30.  All the samples were drop cast from 0.00 1 wt% PANI-PAAMPSA 
(and PANI-aPAAMPSA) in 0.1 M NaCl aqueous solution.  Detailed discussion about 
this sample preparation will be described later in this chapter.  The PANI-PAAMPSA 
particles are clearly observed in the TEM micrographs.    
Figure 5.2 shows the atomic force micrograph (AFM) micrographs of (a) PANI-
PAAMPSA-724, (b) PANI-PAAMPSA-45, and (c) PANI-aPAAMPSA-30.  The films 
were drop cast from 5 wt% aqueous polymer dispersions.  The micrograph of PANI-
PAAMPSA-724 (PDI of PAAMPSA-724 = 1.64) is highly irregular and reveals large 
particles of approximately a micron in size (Figure 5.2 (a)).  The root mean square (rms) 
roughness of this film is 60.3 nm.  Similarly-cast PANI-PAAMPSA-724 films exhibit a 
conductivity of 0.43 ± 0.02 S/cm.  In contrast, themicrograph of PANI-PAAMPSA-45 
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(PDI of PAAMPSA-45 = 1.43) appears smoother (Figure 5.2 (b)).  Smaller particles are 
observed and the rms roughness of this film is 41.5 nm.  The conductivity of PANI-
PAAMPSA-45 films is 1.09 ± 0.03 S/cm.  The micrograph of PANI-aPAAMPSA-30 
(PDI of aPAAMPSA-30 = 1.16) is shown in Figure 5.2 (c).  The particles in PANI-
aPAAMPSA-30 film appear to be comparable in size with that in PANI-PAAMPSA 45 
and the rms roughness of the film is 36.4 nm.  PANI-aPAAMPSA-30 films exhibit the 
conductivity of 2.39 ± 0.03 S/cm.  Since PANI-PAAMPSA (and PANI-aPAAMPSA) 
forms electrostatically stabilized particles, macros opic conduction should be governed 
by point contacts between particles in the solid-state.  This chapter explores inter-
particle charge transport in PANI-PAAMPSA (and PANI-aPAAMPSA) by quantifying 
the packing of PANI-PAAMPSA (and PANI-aPAAMPSA) particles. 
To establish that the macroscopic charge transport is governed by how PANI-
PAAMPSA (and PANI-aPAAMPSA) particles pack in the solid state, we quantified the 
size and size distribution of PANI-PAAMPSA (and PANI-aPAAMPSA) particles by 
dynamic light scattering (DLS) on dilute aqueous dispersions.  All our DLS experiments 
were carried out on 0.0001 wt% PANI-PAAMPSA (and PANI-aPAAMPSA) in 0.1 M 
NaCl aqueous solution.  These polymer and salt concentrations were selected after a 
series of control experiments.  Specifically, we added NaCl to the dispersions to screen 
interparticle electrostatic interactions and eliminate particle aggregation.9  The control 
experiments were detailed in Chapter 2.  Figure 5.3 contains the number-weighted DLS 
intensity distribution of (a) PANI-PAAMPSA-724, (b) PANI-PAAMPSA-45, and (c) 
PANI-aPAAMPSA-30.  The mean hydrodynamic particle diameters (Dh) extracted from 
these distributions are 1230 ± 25, 543 ± 9, and 560 ± 11 nm, respectively.  The standard 
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deviation was determined from the variation in the DLS number-average intensity 
distribution during the seven DLS runs per sample.  To confirm that these mean 
hydrodynamic diameters are truly representative of the size of isolated individual 
particles, we compared these values against those obtained via TEM.  TEM samples 
were prepared by drop casting the same dilute aqueous dispersions used in DLS 
experiments on copper grids.  The particles observed in Figures 5.1 (a) - (c) are 
spherical and their sizes are consistent with those extracted from DLS.  Our experiments 
indicate that PANI-PAAMPSA (and PANI-aPAAMPSA) particle size increases with 
increasing molecular weight of PAAMPSA (and aPAAMPSA).   
The size distribution of the PANI-PAAMPSA (and PANI-aPAAMPSA) particles 
was also characterized by quantifying the full width of the DLS number-average intensity 
distribution at half its maximum intensity (FWHM).  The FWHM of the intensity 
distribution of PANI-PAAMPSA-724, PANI-PAAMPSA-45, and PANI-aPAAMPSA-30 
are 926 ± 69, 636 ± 12, and 374 ± 4 nm, respectively.  The size distribution of PANI-
PAAMPSA (and PANI-aPAAMPSA) particles scales with the molecular weight 
distribution of the polymer acid.  Table 5.1 lists the particle size and size distribution of 
all the PANI-PAAMPSA (and PANI-aPAAMPSA) examined in our study.  A total of 
twelve PANI-PAAMPSA (and PANI-aPAAMPSA) samples were synthesized on 
polymer acid templates having varying molecular weight and molecular weight 
distribution.  Additionally, we examined the particle characteristics of two control 
specimens to further probe the influences of molecular weight distribution of polymer 
acid on the size distribution of the PANI-PAAMPSA (and PANI-aPAAMPSA) particles.  
PANI-aPAAMPSA-226 refers PANI that was template synthesized with aPAAMPSA-
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226 having a broad molecular weight distribution (PDI = 1.62).  PANI-aPAAMPSA-
<45> refers to PANI that was template synthesized on a blend of aPAAMPSA having 
varying molecular weights.10  The average molecular weight of this aPAAMPSA blend 
is 45 kg/mol with a PDI of 1.40.  The correlation between the molecular characteristics 
of PAAMPSA (or aPAAMPSA) and the size and size distribution of PANI-PAAMPSA 
(or PANI-aPAAMPSA) particles are more clearly illustrated in Figures 5.4 and 5.5.  
Figure 5.4 shows the mean hydrodynamic diameter of PANI-PAAMPSA (and PANI-
aPAAMPSA) particles as a function of PAAMPSA (and aPAAMSPA) molecular weight.  
The particle size of PANI-PAAMPSA (and PANI-aPAAMPSA) increases with 
increasing molecular weight of PAAMPSA (and aPAAMPSA).  Figure 5.5 shows the 
size distribution of PANI-PAAMPSA (and PANI-aPAAMPSA) particles as a function of 
the PDI of PAAMPSA (and aPAAMPSA).  It is clearly observed that the size 
distribution of the particles increases with increasing the molecular weight distribution of 
PAAMPSA, so with increasing PAAMPSA (and aPAAMPSA) PDI.   
Accordingly, the relationship between the molecular characteristics of 
PAAMPSA and the size and size distribution of PANI-PAAMPSA particles implicates a 
correlation between the characteristics of the particles and the macroscopic conductivities 
of PANI-PAAMPSA; smaller particles and those of narrower size distribution lead to 
higher conductivities when PANI-PAAMPSA is drop cast  films.   
The mechanism by which macroscopic conduction occurs in PANI-PAAMPSA 
should be associated with the way in which the particles pack in the cast film.  To 
address how PANI-PAAMPSA particles pack in drop cast films, the macroscopic volume 
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fraction of the PANI-PAAMPSA (and PANI-aPAAMPSA) particles is quantified from 
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In this equation, fi(r) is the normalized number-average particle size distribution 
that is obtained from DLS experiments for polymer i and ρi is the number density of 
particles.  Given that PANI-PAAMPSA (and PANI-aPAAMPSA) particles are spherical 
and individually isolated (see the TEM images of thematerials in Figure 5.1), we 
assumed that our materials can be adequately modeled with hard sphere interparticle 
interactions.  Assuming hard spheres with radius r, the macroscopic packing fraction, 
iφ , can be estimated.  Alternatively, if iφ  is known, we can estimate the number 
density of particles in the solid film by Equation (5.1).   
To determine the macroscopic packing fraction of PANI-PAAMPSA (and PANI-
aPAAMPSA) particles, we performed molecular simulations of film formation of PANI-
PAAMPSA in collaboration with William P. Krekelberg and Prof. Thomas M. Truskett 
in Chemical Engineering at the University of Texas at Austin.  We accounted for the 
packing of approximately 2000 particles in the film by considering them as hard spheres 
having the size and size distribution that were experimentally determined by DLS.  The 
concentration of this hard sphere system was simulated using the Lubachevsky-Stillinger 
algorithm.11  In this method, event-driven molecular dynamics for the particles is carried 
out in a periodically-replicated simulation cells.12  The simulation cell volume is kept 
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constant while the radius of the jth particle ( )jr t  is allowed to grow linearly with time t 
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where (0)jr  is the average initial particle radius, Γ is a dimensionless growth rate, 
T  is the temperature, Bk  is the Boltzmann constant, and m is the particle mass.  We 
simulated Γ = 0.05, 0.005, 0.001 and 0.0001.  This range of Γ  covers a very wide 
range of effective concentration rates known to produce amorphous packing of the hard 
spheres.  In fact, the AFM images of PANI-PAAMPSA samples show that the packing 
of particles is random in the solid state (Figure 5.2).  When the packing does not 
accommodate further particle growth, relative to the cell dimension, the system is 
considered “jammed”.12  To determine the macroscopic packing fraction of this jammed 
system, we quantified the small changes in sphere size,∆d, from one collision to the next 
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where max( )kr t  and 
max
1( )kr t −  are the radii of the largest sphere at the k
th and (k-1)th 
collision, and Nc  is the number of collisions used to calculate ∆d .  For this 
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experiment, we used Nc =10
4 and consider the system jammed when ∆d ≤ 5×10−9 .  
To obtain a particle size distribution for the simulation at each state point, we scaled the 
experimental intensities such that the total number of particles was approximately 2000.  
The Lubachevksy-Stillinger compressions were initialized from the equilibrated hard 
sphere fluid configurations at a packing fraction of φ = 0.3.  For each particle size 
distribution and growth rate, Γ, 30 independent randomly jammed configurations were 
created.  The average jammed packing fractions of these systems are presented in Table 
5.2.  The resulting packing fractions only vary by a few percent over a wide range of 
particle size distributions and effective concentration rates.  Specifically, the 
macroscopic packing fraction is 0.649 ± 0.007 for all the PANI-PAAMPSA (and PANI-
aPAAMPSA) having varying PAAMPSA molecular characteristics.  Given the DLS 
intensity distributions and assuming a constant macroscopic packing fraction across all 
samples, we are thus able to estimate particle density for individual PANI-PAAMPSA 
and PANI-aPAAMPSA samples. 
To examine the correlation between the packing density and the macroscopic 
electrical conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA), we plotted the 
conductivity of PANI-PAAMPSA as a function of particle density in Figure 5.6.  The 
conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA) scales linearly with particle 
density, which is reducible from the molecular characteristics of PAAMPSA.  This 
observation is consistent with the assumption that conduction pathways are governed by 
contacts between particles in the solid-state. 
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 To examine the concentration profile of PANI-PAAMPSA (and PANI-
aPAAMPSA) films, we carried out depth profile measurements on the films using x-ray 
photoelectron spectroscopy (XPS).  An argon ion beam w s used to sputter the films for 
5-10 minute intervals and XPS measurements were conducted after each interval to probe 
the changes in the chemical composition with film depth.  Figures 5.7 (a) and (b) 
contain representative high-resolution XPS spectra of PANI-PAAMPSA-724 in the 
nitrogen and sulfur regions, respectively, with increasing film depth.  The nitrogen 
spectrum was deconvoluted into three components.  The peak at 399.2 eV is attributed 
to the amide groups in PAAMPSA, and the one centered at 400.4 eV is attributed to the 
protonated nitrogens associated with polarons and bipolarons in PANI-PAAMPSA 
(denoted N1
+).  The peak located at 401.3 eV is attributed to the protonated nitrogens 
that are ionically associated with the sulfonic acid groups in PAAMPSA (denoted N2
+).13, 
14  The integrated peak intensity is proportional to the concentration of the individual 
species.  The detailed procedures of spectrum deconvolution were described in Chapter 
2.  The concentration of protonated nitrogens relative to that of amide nitrogens is high 
in the surface scan (Figure 5.7 (a)-(i)).  Its relative concentration then decreases deeper 
into the PANI-PAAMPSA film.  This trend is quantified in Figure 5.7 (c) where the 
relative concentration of N2
+, normalized to that on the surface, is plotted as a function of 
film depth.  The concentration of N2
+ decreases rapidly with film depth, and it levels off 
at approximately 300 nm below the surface.  A similar analysis was carried out with the 
sulfur region of the XPS spectra.  The sulfur XPS spectra were deconvoluted into two 
sets of doublets.  A pair of peaks are located at 167.5 and 168.7 eV, and another set of 
peaks are located at 168.3 and 169.5 eV.15, 16  The doublet at lower binding energy 
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corresponds to the sulfurs in the ionized sulfonic acid groups of PAAMPSA (-SO3
-), and 
that at higher binding energy corresponds to the sulfur  in the sulfonic acid groups of 
PAAMPSA (-SO3H) that do not participate in the protonation of PANI.
15, 16  With 
increasing film depth, the concentration of the ionized sulfonic acid decreases compared 
to that of the neutral sulfonic acid.  This trend is also quantified in Figure 5.7 (c) where 
the relative concentration of ionized sulfonic acid, normalized by the surface 
concentration, is plotted with the film depth.  Similar to the relative concentration of the 
protonated nitrogens, that of the ionized sulfonic acid decreases rapidly with the film 
depth.  This decrease slows down as we sputter into the film.  We noticed a subtle 
difference between the decay in the relative concentration of N2
+ and that of ionized 
sulfur.  The relative concentration of N2
+ plateaus 300 nm below the film surface 
whereas that of ionized sulfonic acid continues to decrease.  We believe this difference 
is due to slight damage of the film by ion sputtering during depth profiling experiments, 
causing the apparent relative concentration of ionized sulfur to continue to decrease.17  
Indeed, an additional doublet at 163.5 and 164.7 eV is observed in the sulfur XPS spectra 
in Figure 5.7 (b).  This doublet is attributed to elemental sulfur or thiol moieties (-SH).17  
The constant bombardment of argon ions can lead to oxygen loss within the sulfonic acid 
groups of PAAMPSA, which leaves behind the elemental sulfur or thiols.  Such ion 
beam damage was previously reported in PEDOT-PSS film conducted sputtering and 
depth profile experiments.17  Despite the slight film damage, however, the XPS depth 
profiling experiments indeed suggest that the concentrations of the ionized species of 
PANI (protonated nitrogens) and PAAMPSA (ionized sulfonic acid groups) are 
preferentially enhanced on the surface of the particles.  This observation is in contrast 
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with what is known for commercially-available conducting polymer, poly(ethylene 
dioxythiophene) that is doped with poly(styrenesulfonic acid), or PEDOT-PSS.  In 
PEDOT-PSS, a thin overlayer of insulating PSS is frequently observed.18, 19  This 
insulating PSS overlayer hampers macroscopic conduction, and it can also change the 
work function of the PEDOT-PSS with exposure to humidity.20  In contrast, the 
conductive portions are preferentially segregated to the surface of the PANI-PAAMPSA 
(and PANI-aPAAMPSA).   
To further examine the surface mediated conduction in PANI-PAAMPSA (and 
PANI-aPAAMPSA) films, we estimated the particle surface area per unit volume of the 
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Again, we used the same packing fraction of 0.64 to calculate Ai/V.  The 
electrical conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA) is plotted as a 
function of Ai/V in Figure 5.8.  The conductivity increases superlin arly with Ai/V, 
suggesting that charge transport occurs at the surface of the particles.  If macroscopic 
conduction occurs through the bulk of the particles (i.e., if the particles are chemically 
homogeneous), the conductivity would be constant with increasing Ai/V since the 
macroscopic volume fractions are comparable for all the samples.  In fact, the contacts 
between particles would provide resistance along the conduction paths, and since their 
number generally increases with Ai/V, the conductivity may decrease with Ai/V for the 
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films consisting of chemically homogeneous particles.  Since the conductivity of PANI-
PAAMPSA (and PANI-aPAAMPSA) increases with Ai/V, we hypothesize that charge 
transport occurs at the surface of the particles in PANI-PAAMPSA (and PANI-
aPAAMPSA) films. 
The electrical conductivities of PANI-PAAMPSA (and PANI-aPAAMPSA) are 
strongly dependent on the details of the synthesis parameters.  Specifically, we observed 
strong correlations between the molecular characteristics of PAAMPSA and the electrical 
conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA) in Chapters 3 and 4.  The 
conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA) increases with decreasing 
PAAMPSA (and aPAAMPSA) molecular weight, and it further increases with narrowing 
molecular weight distribution of PAAMPSA.  We also observed the strong correlations 
between the crystallinity and the conductivity of PANI-PAAMPSA (and PANI-
aPAAMPSA) samples; the conductivity of PANI-PAAMPSA (and PANI-aPAAMPSA) 
increases with increasing the crystallinity of PANI.  Given that the synthesis of PANI-
PAAMPSA (and PANI-aPAAMPSA) results in the formation of electrostatically-
stabilized colloidal particles, this crystallinity only qualifies the molecular order within 
these particles and therefore provides an indirect measure of intra-particle charge 
transport.  In order for macroscopic conduction to occur across the PANI-PAAMPSA 
(and PANI-aPAAMPSA) films, however, inter-particle charge transport should be also 
considered in addition to the intra-particle charge transport.  This chapter demonstrated 
that a higher particle density per unit film result in the improved inter-particle charge 
transport, leading to the higher conductivity of the film.  The combination of this 
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observation with the crystallinity-conductivity correlations strongly suggests that both 
inter- and intra-particle conduction are important for macroscopic conduction across the 
PANI-PAAMPSA (and PANI-aPAAMPSA) film.  We also demonstrated in this chapter 
that surface mediated conduction occurs in PANI-PAAMPSA (and PANI-aPAAMPSA) 
film, in contrast with PEDOT-PSS film.   




























PANI-PAAMPSA-45 543 ± 9 636 ± 12 
PANI-PAAMPSA-83 699 ± 17 671 ± 15 
PANI-PAAMPSA-106 774 ± 16 703 ± 3 
PANI-PAAMPSA-255 908 ± 18 788 ± 13 
PANI-PAAMPSA-724 1232 ± 25 926 ± 69 
PANI-aPAAMPSA-30 560 ± 11 374 ± 5 
PANI-aPAAMPSA-67 626 ± 13 373 ± 4 
PANI-aPAAMPSA-117 739 ± 15 394 ± 9 
PANI-aPAAMPSA-150 782 ± 18 414 ± 9 
PANI-aPAAMPSA-287 820 ± 16 430 ± 15 
PANI-aPAAMPSA-226 827 ± 17 636 ± 32 
PANI-aPAAMPSA-<45> 586 ± 11 551 ± 23 
(a) The full width of the size distribution of particle acquired by DLS at half its maximum 




Table 5.2. Final particle packing fractions for each system and particle growth rate. 
Nomenclature 
iφ  
Γ = 0.05 Γ = 0.005 Γ = 0.001 Γ = 0.0001 
PANI-PAAMPSA-45 0.662 0.684 0.689 0.692 
PANI-PAAMPSA-83 0.656 0.674 0.679 0.683 
PANI-PAAMPSA-106 0.654 0.673 0.677 0.681 
PANI-PAAMPSA-255 0.653 0.671 0.675 0.679 
PANI-PAAMPSA-724 0.649 0.666 0.669 0.673 
PANI-aPAAMPSA-30 0.647 0.663 0.667 0.670 
PANI-aPAAMPSA-67 0.645 0.662 0.665 0.669 
PANI-aPAAMPSA-117 0.643 0.658 0.662 0.665 
PANI-aPAAMPSA-150 0.643 0.658 0.662 0.665 




































































Figure 5.2. AFM images of (a) PANI-PAAMPSA-724 (rms roughness of ≈ 60.3 nm), (b) 
PANI-PAAMPSA-45 (rms roughness of ≈ 41.5 nm), and (c) PANI-aPAAMPSA-30 (rms 










































Figure 5.3. Number-weighted intensity distributions of (a) PANI-PAAMPSA-724, (b) 
PANI-PAAMPSA-45, and (c) PANI-aPAAMPSA-30 measured by DLS at 25 °C in 0.1 
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Figure 5.4. The mean hydrodynamic diameters of PANI-PAAMPSA (○) and PANI-
aPAAMPSA (●) as a function of the molecular weight of polymer acid template.  A fit 
(dash line) to the data is included each.  The mean hydrodynamic diameters of PANI-
























Figure 5.5. The particle size distributions, determined by the full width of the DLS 
intensity distribution at half its maximum intensity (FWHM), of PANI-PAAMPSA (○) 
and PANI-aPAAMPSA (●) as a function of the molecular weight distribution (quantified 
by PDI) of polymer acid template.  A fit (dash line) to the data is included each.  The 
particle size distributions of PANI-aPAAMPSA-<45> (■) and PANI-aPAAMPSA-226 




































Figure 5.6. The conductivities of PANI-PAAMPSA (○) and PANI-aPAAMPSA (●) as a 
function of particle number density, ρi.  ρi is calculated based on the assumption of 
iφ =0.64 for all polymers examined.  A fit (dash line) to the data is included each.  The 
electrical conductivities of PANI-aPAAMPSA-<45> (■) and PANI-aPAAMPSA-226 























































































Figure 5.7. XPS spectra of the (a) nitrogen and (b) sulfur regions for (i) as-cast PANI-
PAAMPSA-724 (with peak deconvolution) and the same film upon sputtering for (ii) 75 
nm, (iii) 150 nm, (iv) 300 nm, (v) 450 nm, (vi) 600 nm, and (vii) 750 nm.  The overall 
fit is shown with a solid line in each spectrum.  The relative concentrations of 
protonated nitrogen (N2
+, ■) and ionized sulfur (-SO3
-, ●), normalized by the surface 



































Figure 5.8. The conductivities of PANI-PAAMPSA (○) and PANI-aPAAMPSA (●) as a 
function of particle surface area per unit cast film, Ai/V.  Ai/V is calculated based on the 
assumption of iφ =0.64 for all polymers examined.  A fit (dash line) to the data is 
included each.  The electrical conductivities of PANI-aPAAMPSA-<45> (■) and PANI-
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Chapter 6: Highly conductive polymer films through post-
processing dichloroacetic acid annealing and their applications in 
organic solar cells 
 
We have characterized water-dispersible polyaniline (PANI) that is template 
synthesized with poly(2-acrylamido-2-methyl-1-propane sulfonic acid), or PAAMPSA, 
in the previous chapters.  Specifically, we demonstrated that the conductivity of PANI-
PAAMPSA is governed by how conductive PANI-PAAMPSA particles pack when drop 
cast as films.  PANI-PAAMPSA forms particles during the course of polymerization 
and their structures are arrested by strong ionic iteractions between PANI and 
PAAMPSA.  The size and size distribution of such particles – which dictate the final 
packing in the solid state – are controlled by adjusting the molecular weight and the 
molecular weight distribution of PAAMPSA at the onset of polymerization.   
Dr. Kwang Seok Lee, a former graduate student in our group, used such PANI-
PAAMPSA drop cast films as electrodes in organic thn-film transistors (OTFTs).1  The 
performance of such thin-film transistors was limited by the bulk resistance of PANI-
PAAMPSA electrodes.  Current crowding was observed at high gate voltages.  To 
improve device performance, PANI-PAAMPSA having dramatically improved 
conductivities was used to replace the original PANI-PAAMPSA.  We improved the 
electrical conductivity of PANI-PAAMPSA by post-processing solvent annealing; the 
resulting material was two orders of magnitude more conductive than the original PANI-
PAAMPSA.  The concept of post-processing solvent anne ling is comparable to 
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“secondary doping” of PANI that is doped with small molecule acids.  During 
secondary doping, a solvent is introduced to induce structural rearrangement of PANI.2, 3  
Specifically, PANI undergoes a “compact coil” to “ext nded chain” conformational 
change, which results in an increase in the electrical conductivity.2, 3  For example, the 
conductivity of PANI doped with camphor sulfonic acid (CSA) increases significantly 
when exposed to specific solvents.2, 3  The conductivity of PANI-CSA is 0.2 S/cm.  
When this PANI-CSA film is exposed in m-cresol, its conductivity increases up to 300 
S/cm.2, 3  The conductivity improvement originates from a change in the PANI-CSA 
conformation from a compact coil to an extended chain conformation.2, 3  The extended 
chain conformation increases charge delocalization al g the PANI backbone, thereby 
enabling more efficient charge transport. 
Our previous experiments, however, indicated that treating PANI-PAAMPSA 
with m-cresol does not improve the conductivity of the polymer.  While secondary 
doping with a fluorinated alcohol also increases the conductivity of PANI-CSA,4, 5 
fluorinated alcohols do not alter the conductivity of PANI-PAAMPSA.  This 
phenomenon indicates that secondary doping of PANI is specific to the particular solvent 
used.   
Dr. Kwang Seok Lee discovered that dichloroacetic acid (DCA) can induce 
structural changes in PANI-PAAMPSA, thereby improving its conductivity.6  DCA has 
been reported to be a good solvent for PANI-CSA7 and PANI that is doped with 2-
acrylamido-2-methyl-1-propane sulfonic acid (AAMPSA; the monomer of PAAMPSA).8, 
9  Although preliminary results indicated structural rearrangement of PANI-PAAMPSA 
after DCA treatment, the origin of conductivity enha cement was not clearly understood. 
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In this chapter, we detail the role of DCA during the structural rearrangement of 
PANI-PAAMPSA and we further elucidate the origin of PANI-PAAMPSA conductivity 
improvement by DCA treatment.  More importantly, weshow that this DCA treatment 
is also applicable to other polymer acid-doped conducting polymers for their conductivity 
improvements.  To assess the effect of the improved conductivity, we incorporated 
DCA-treated conducting polymers into organic solar cells (OSCs) as anodes.  For 
comparison, untreated conducting polymers were also incorporated as anodes in 
reference OSCs of the same dimensions and geometry.   
 For this study, we first spin coated PANI-PAAMPSA films on Si/SiO2 substrates 
at 1000 rpm from a 5 wt% aqueous dispersion.  The PANI-PAAMPSA films were 
baked at 90 °C for 3 minutes to remove residual water.  We then g tly agitated the 
films in pre-heated DCA (Acros Organics, 99+%) at 90 ºC.  Subsequently, PANI-
PAAMPSA films were baked at 145 ºC for 30 minutes.  After DCA treatment, we 
exposed the films to < 10-7 Torr vacuum for more than 3 hours to remove residual DCA 
prior to any characterization.  The electrical conductivities of DCA-treated PANI-
PAAMPSA films were then measured using the four-point probe technique previously 
described in Chapter 2.  We also measured the condutivities of PANI-PAAMPSA films 
prior to DCA treatment for reference.  Figure 6.1 shows the representative current-
voltage (I-V) characteristics of (a) untreated and (b) DCA-treated PANI-PAAMPSA 
films.  The current is on the order of 10-1 mA when a voltage of 10 V is applied on the 
as-cast PANI-PAAMPSA film (Figure 6.1 (a)).  After DCA treatment, the current levels 
increased by more than two orders of magnitude at the same applied voltage (Figure 6.1 
(b)), and the thicknesses decreased by approximately 20 percent.  Normalizing the 
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slopes by the lengths and the cross-sectional areas of the films reveals an average 
conductivity of 47.79 ± 10.52 S/cm for DCA-treated PANI-PAAMPSA films and an 
average conductivity of 0.43 ± 0.02 S/cm for as-cast PANI-PAAMPSA films.  Table 6.1 
summarizes the conductivities of the following conducting polymers studied in this 
chapter before and after DCA treatment: PANI-PAAMPSA, PANI doped with a 
poly(styrene sulfonic acid), or PANI-PSS, and poly(ethylene dioxythiophene) doped with 
a PSS, or PEDOT-PSS.  The conductivities were measur d from the multiple samples 
from different batches of dispersions for each sample, and also from the multiple films 
separately exposed to DCA.  The variations in the measurements were used to determine 
the standard deviations on the conductivity.   
 We characterized the electronic structures of PANI-PAAMPSA films before and 
after DCA treatment using UV-vis-NIR spectroscopy (Figure 6.2).  Figure 6.2 (a) shows 
the UV-vis-NIR spectrum of untreated PANI-PAAMPSA.  The peak at 310 nm 
corresponds to the π-π* transition of the benzenoid.  The peak at 450 nm is attributed to 
the polaronic shoulder and the peak at approximately 800 nm corresponds to the polaron 
interband transition.10-12  This optical spectrum is consistent with previously-reported 
spectra of PANI having conductivities in the range of 0.01 – 1 S/cm, and is interpreted as 
PANI having a compact coil conformation.2, 3  Figure 6.2 (b) reveals the UV-vis-NIR 
spectrum of DCA-treated PANI-PAAMPSA.  This spectrum is drastically different from 
that of untreated PANI-PAAMPSA.  Specifically, the absorption at ~ 800 nm red shifts; 
a broad absorption now appears over 1000 nm.  This broad absorption is often referred 
to as the “free charge carrier tail”, and suggests that the polymer has an extended chain 
conformation.2, 3  Such changes in UV-vis-NIR spectrum suggests thate chain 
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conformation of PANI-PAAMPSA has changed from a compact coil conformation to an 
extended chain conformation upon DCA exposure.  As mentioned earlier, the extended 
chain conformation is generally associated with conductive polymers having significantly 
improved charge transport.2, 3  As such, one would expect the conductivity of DCA-
treated PANI-PAAMPSA to be significantly higher than that of the untreated system.  
 We also examined the morphology of PANI-PAAMPSA films before and after 
DCA treatment using atomic force microscopy (AFM); representative micrographs are 
shown in Figures 6.3 (a) and (b), respectively.  Figure 6.3 (a) reveals high surface 
roughness (a root mean square (rms) roughness of 60.3 nm in the 5 × 5 µm scan 
window); the film composes of sub-micron particles.  We observed a drastically 
different morphology after DCA treatment.  Figure 6.3 (b) shows a featureless film with 
a rms roughness of 4.3 nm; sub-micron particles are eliminated after DCA treatment so 
conduction is no longer limited by the particle-particle contacts provided points of 
resistance.   
Given that DCA treatment can relax PANI-PAAMPSA particles, the introduction 
of DCA must influence the ionic interactions between the sulfonic acid groups of 
PAAMPSA and aniline.  To determine the role of DCA during structural rearrangement 
of PANI-PAAMPSA, we measured the ionization constant (pKa) of DCA and 
PAAMPSA.  We carried out the pKa measurements at 70 ºC.  DCA treatment of 
PANI-PAAMPSA was carried out at 90 ºC.  We were, however, not able to make the 
pKa measurements at 90 ºC because water evaporation can change the concentratio  of 
DCA in water during measurements.  As such, the pKa measurements were all carried 
out at 70 ºC.  For this experiment, we titrated acid solutions (10-5 M of DCA and 10-7 M 
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of PAAMPSA) using a 10-1 M sodium hydroxide (NaOH) solution.  The pH values were 
tracked as a function of the amount of NaOH solution we added to the acid solution.  
The pKa was determined by reading the pH at the half point t  neutralization.
13  Figure 
6.4 shows the titration curves of DCA at 10-5 M (■) and 10-3 M (●) aqueous solutions.  
The same pKa values are observed within error at both concentrations.  Specifically, the 
pKa for DCA was measured to be 0.70 for 10
-5 M and 0.72 for 10-3 M solution.  This 
observation indicates that the pKa is independent of acid concentration.  Figure 6.5 
shows the titration curve of PAAMPSA (■) at 10-7 M aqueous solution.  The titration 
curve of DCA (●) at 10-5 M solution is also included in Figure 6.5 for comparison.  The 
pKas of PAAMPSA and DCA are 2.29 and 0.70, respectively.  We also measured the 
pKa of PAAMPSA (■) and DCA (●) at room temperature (Figure 6.6); the pKa of 
PAAMPSA and DCA is 2.41 and 1.21, respectively.  The pKa values of DCA at room 
temperature agree with the values published in the li erature.14  These observations 
strongly indicate that DCA is a stronger acid than PAAMPSA.  This finding is 
surprising given that sulfonic acids are generally known to be stronger than acetic acids.  
Simultaneously, we also compared the pKa of AAMPSA with that of DCA to examine 
the effects of molecular architecture (polymer versus monomer).  Figure 6.7 shows the 
titration curves of AAMPSA (■) and DCA (●) at room temperature.  Both acids were 
prepared at the same concentration of 10-5 M.  The pKa of AAMPSA and DCA is 0.52 
and 1.21, respectively.  These pKa values agree with previously reported values for the 
respective acids.14  The pKa of AAMPSA is indeed lower than that of DCA at the same 
conditions.  It therefore appears that the increase in pKa of PAAMPSA compared to that 
of AAMPSA is due to molecular architecture differenc s.  This difference is attributed 
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to electrostatic interactions between the acid groups in a polymer acid.  In PAAMPSA, 
each repeat unit contains an acid group.  Electrostatic interactions thus make it more 
difficult to ionize neighboring acid groups given the spatial proximity.  As a result, the 
pKa of a polymer acid is typically higher than its resp ctive monomer.
15  These pKa 
measurements indicate that the pKa of DCA is lower than that of PAAMPSA.  Since 
DCA is a stronger acid than PAAMPSA, DCA can effectively disrupt the ionic 
interactions between the sulfonic acid groups in PAAMPSA and aniline, allowing 
PAAMPSA and PANI to structurally relax, thereby eliminating the particle nature of 
PANI-PAAMPSA that was originally arrested during polymerization.  We then remove 
DCA from the PANI-PAAMPSA film by placing the film under high vacuum.  X-ray 
photoelectron spectroscopy (XPS) experiments corrobate our hypothesis and indicate 
that the strong ionic associations between PANI andPAAMPSA are moderated after 
DCA treatment.6  We do not observe the presence of chlorine in XPS, a strong 
indication that DCA was completely removed after trea ment.  Such DCA-treated 
PANI-PAAMPSA adopts an extended chain structure and consequently exhibits higher 
conductivities.  
To evaluate the versatility of this post-processing DCA treatment, we attempted to 
improve the conductivities of other polymer acid-doped conducting polymer films, 
including those of PANI-PSS and PEDOT-PSS.  To synthesize PANI-PSS, we started 
by ion exchanging commercially-available PSS-Na (Alfa Aesar; Mw = 500 kg/mol) to its 
acidic form.  Once the PSS-Na was converted to its acidic form, PANI-PSS was 
synthesized with the same procedures that we employed to synthesize PANI-PAAMPSA.  
The synthesis procedures of PANI-PAAMPSA were detail d in Chapter 2.  After 
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synthesis and purification of PANI-PSS, its 5 wt% aqueous dispersions were prepared for 
further characterization.  The DCA treatment of PANI-PSS was carried out with the 
same procedures mentioned above for that of PANI-PAAMPSA, except for the annealing 
temperature.  After we soaked the PANI-PSS films in pre-heated DCA at 90 ºC, PANI-
PSS films were baked at 90 ºC, as opposed to 145 ºC for PANI-PAAMPSA, for 30 
minutes because the glass transition temperature (Tg) of PSS is lower than that of 
PAAMPSA (≈ 108 ºC as opposed to ≈ 175 ºC).16, 17  This baking step effectively drives 
away residual DCA.  We also exposed these DCA-treated PANI-PSS films to < 10-7 
Torr vacuum for more than 3 hours to remove any last remaining DCA prior to 
characterization.  DCA is also a good solvent for PSS and its pKa is lower than that of 
PSS.  Figure 6.8 shows the titration curves of PSS (■) and DCA (●) prepared at 10-7 M 
and 10-5 M, respectively.  These pKa measurements were performed at 70 °C.  The 
pKas of PSS and DCA are 1.95 and 0.70, respectively.  Since the pKa of DCA is lower 
than that of PSS, it is expected that DCA can also moderate the ionic interactions 
between PANI and PSS, just as it did in PANI-PAAMPSA.   
Figure 6.9 shows the nitrogen and sulfur XPS spectra of untreated and DCA-
treated PANI-PSS films.  The detailed experimental procedures for these experiments 
and the subsequent data fitting were described in Chapter 2.  Figures 6.9 (a) and (b) 
show the XPS nitrogen spectra of untreated and DCA-treated PANI-PSS films, 
respectively.  The nitrogen spectrum was deconvoluted into three components.18  A 
peak is located at 399.2 eV, corresponding to the neutral amine and imine sites of 
PANI.18  The peak at 400.4 eV is assigned to the protonated nitrogens (N1
+) of PANI 
that are associated with polarons and bipolarons in PANI-PSS.18  The third peak is 
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located at 401.3 eV, and it is attributed to the protonated nitrogens (N2
+) of PANI that are 
ionically associated with the sulfonic acid groups of PSS.18  A FWHM of 1.4 eV is 
maintained during the fitting of all three peaks.  The concentration of protonated 
nitrogens (N2
+) is high in untreated PANI-PSS film relative to neutral nitrogens (Figure 
6.9 (a)), which indicates that a large portion of nitrogens in PANI is strongly associated 
with negatively charged sulfonic acid groups in PSS.  After DCA treatment, the relative 
concentration of the protonated nitrogens (N2
+) changes (Figure 6.9 (b)).  Figures 6.9 (c) 
and (d) show the XPS sulfur spectra of untreated and DCA-treated PANI-PSS films, 
respectively.  The sulfur spectrum was deconvoluted into two doublets.19  A doublet 
with peaks located at 167.5 and 168.7 eV is assigned to the ionized sulfonic acid groups 
(-SO3
-) of PSS that are associated with the protonated nitrogens of PANI.19  Another 
doublet with peaks located at 168.3 and 169.5 eV corresponds to the unionized sulfonic 
acid groups (-SO3H) of PSS.
19  The FWHM of the individual peaks of the doublets is 
kept to 1.0 eV during peak fitting.  Consistent with observations in the nitrogen spectra, 
we observe that the concentration of ionized sulfonic acid groups (-SO3
-) changes after 
DCA treatment relative to that of unionized sulfonic acid groups (-SO3H).  These 
observations in nitrogen and sulfur spectra strongly suggest that the strong ionic 
interactions between PANI and PSS are moderated with DCA treatment.  This 
moderation of ionic interactions between PANI and PSS occurs because DCA is a 
stronger acid than PSS so DCA can interrupt the associations between PANI and PSS.  
On the other hand, chlorine was not detected in any of the XPS spectrum of DCA-treated 
PANI-PSS film, which indicates that there is no residual DCA in the film.  This 
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observation suggests that the conductivity enhancement is not due to DCA doping of 
PANI.  Rather, DCA merely induces structural rearrangement of PANI-PSS.   
To examine how the introduction of DCA induces changes in the electronic 
structure of PANI-PSS, we collected the UV-vis-NIR spectra of untreated and DCA-
treated PANI-PSS films, shown in Figures 6.10 (a) and (b), respectively.  The UV-vis-
NIR spectrum of untreated PANI-PSS film is consistent with that of untreated PANI-
PAAMPSA.  The peak at 310 nm is associated with the π-π* transition of the 
benzenoid; the peak at 450 nm is attributed to a pol ronic shoulder; a polaron peak at 
approximately 800 nm is observed.10-12  These peaks are signatures of the emeraldine 
salt form of PANI.  After DCA treatment, the polaron peak is largely suppressed and a 
broad absorption appears in the near-IR region, which suggests that the chain 
conformation of PANI-PSS has changed from a compact coil to an extended chain 
conformation.3  This observation is consistent with changes in the UV-vis-NIR spectra 
of PANI-PAAMPSA before and after DCA treatment.  It is therefore expected that the 
conductivity of DCA-treated PANI-PSS is significantly higher than that of untreated 
PANI-PSS because charge delocalization is greatly enhanced in the extended chain 
conformation of DCA-treated PANI.2, 3 
We also observed the morphologies of PANI-PSS films before and after DCA 
treatment.  Figure 6.11 shows the AFM micrographs of (a) untreated and (b) DCA-
treated PANI-PSS films.  Similar with PANI-PAAMPSA films, PANI-PSS film 
becomes much smoother after DCA treatment.  The rms roughness of untreated PANI-
PSS film is 13.7 nm in the 5×  µm scan window, and that of DCA-treated PANI-PSS 
film is 2.9 nm.  This featureless and smooth morphology of PANI-PSS film after DCA 
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treatment would provide more efficient charge transport across the film because the 
macroscopic conduction is no longer limited to inter-particle point contacts after DCA 
treatment.  This mechanism for conductivity improvement is similar to the one for 
PANI-PAAMPSA. 
The observed structural rearrangement of PANI-PSS after DCA treatment should 
increase the electrical conductivity of PANI-PSS when the polymer is exposed to DCA.  
The conductivity measurements were performed using four-point probe measurements.  
Figure 6.12 (a) shows representative I-V characteristics of untreated PANI-PSS film.  
After DCA treatment on the same film, the I-V characteristics were also observed (Figure 
6.12 (b)).  The current is on the order of 10-1 mA at 10 V bias in the untreated PANI-
PSS film (Figure 6.12 (a)).  After DCA treatment, the current increases by more than 
two orders of magnitude at the same applied voltage (Figure 6.12 (b)) on the same film.  
Accordingly, the conductivity increases from 0.20 ± 0.02 S/cm in untreated PANI-PSS 
films to 58.77 ± 9.21 S/cm in DCA-treated PANI-PSS films.  This conductivity 
improvement is accompanied by drastic changes in the molecular structures of PANI-PSS 
after DCA treatment, as observed in PANI-PAAMPSA films.  DCA is a stronger acid 
than either PAAMPSA or PSS, so it is capable of moderating the ionic interactions 
between PANI and PAAMPSA (or PSS).  This moderation of interactions between 
PANI and PAAMPSA (or PSS) allows PANI-PAAMPSA (or PANI-PSS) to adopt an 
extended chain conformation that enables more effici nt charge transport. 
In fact, the structural rearrangement – thereby the conductivity improvement – of 
polymer acid-doped PANI, including PANI-PAAMPSA and PANI-PSS, should be 
occurred with any reagent that is a good plasticizer for polymer acids and has a lower pKa 
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than those of the polymer acids.  For example, exposure to trichloroacetic acid (TCA) 
also improves the conductivity of PANI-PAAMPSA; TCA-treated PANI-PAAMPSA 
exhibits a conductivity of 40.76 ± 6.35 S/cm.  This conductivity improvement is also 
attributed by structural rearrangement of PANI-PAAMPSA because TCA is a good 
plasticizer for PAAMPSA and its pKa (0.89 at 25 °C) is lower than that of PAAMPSA 
(2.41 at 25 °C).  While the pKa of hydrochloric acid (HCl; pKa = -7 at 25 °C) is lower 
than that of PAAMPSA, the conductivity of HCl-treatd PANI-PAAMPSA is only 
slightly increased to 2.35 ± 0.12 S/cm.  Since HCl is not a plasticizer or a good solvent 
for PAAMPSA, exposing PANI-PAAMPSA to HCl only serves to dope the originally 
undoped sites in the polymer.  No structural rearrangement of PANI-PAAMPSA 
accompanies this process.  Indeed, the UV-vis-NIR spectrum of PANI-PAAMPSA 
remains comparable before and after HCl exposure; only a slight red shift of the polaron 
peak position is observed (Figure 6.13).  The spectrum does not show a free carrier tail 
after HCl treatment.  The absence of free-carrier tail implies that PANI-PAAMPSA 
remains in the “compact coil” structure after HCl treatment.  On the other hand, we do 
not observe any conductivity improvement when PANI-PAAMPSA is exposed to 
dimethylsulfoxide (DMSO), because the solvent is not acidic (pKa = 35 at 25 °C).  
Collectively, these results imply that both conditions that the solvent should be a good 
plasticizer for the polymer acid dopant and the solvent must have a lower pKa compared 
to the dopant are very critical for the structural rearrangement of polymer acid-doped 
PANI.    
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We also assessed whether this same DCA treatment can improve the conductivity 
of a commercially-available polymer acid-doped conducting polymer, PEDOT-PSS.  
For this experiment, we used a PEDOT-PSS dispersion as-received from Baytron P.  
The DCA treatment of PEDOT-PSS was carried out under the same conditions for that of 
PANI-PSS.  We exposed the DCA-treated PEDOT-PSS film to < 10-7 Torr vacuum for 
more than 3 hours to remove residual DCA prior to any characterization.  We then 
measured the conductivities of PEDOT-PSS before and after DCA treatment using four-
point probe measurements.  Figure 6.14 shows the I-V characteristics of (a) untreated 
and (b) DCA-treated PEDOT-PSS films.  The current of untreated PEDOT-PSS film is 
on the order of 10-1 mA at a 10 V bias (Figure 6.14 (a)).  The current of PEDOT-PSS 
film, however, improves significantly after DCA treatment compared to those of PANI-
PAAMPSA and PANI-PSS films; the current of the same film after DCA treatment 
increases by more than three orders of magnitude given the same applied voltage (Figure 
6.14 (b)).  This improvement translates to a conductivity of 0.50 ± 0.05 and 616 ± 85.4 
S/cm for untreated and DCA-treated PEDOT-PSS films, re pectively.  In fact, the 
conductivity of DCA-treated PEDOT-PSS film is the highest amongst any polymer acid-
doped conducting polymers previously reported.20 
To examine the origin of this improvement in conductivity in PEDOT-PSS by 
DCA treatment, we studied the changes in the electronic structure of PEDOT-PSS after 
DCA treatment.  Figure 6.15 shows the UV-vis-NIR spectra of (a) untreated and (b) 
DCA-treated PEDOT-PSS films.  In the UV-vis-NIR spectrum of as-cast PEDOT-PSS 
film, a peak at 280 nm related to the π-π* transition and a broad band at approximately 
800 nm associated with polaron interband transition are observed.  The polaron rides on 
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an increasing background suggesting that untreated PEDOT-PSS has an extended chain 
conformation.  This observation is in drastic contras  with the structure of untreated 
PANI-PAAMPSA and PANI-PSS.3  The spectrum in Figure 6.15 (a) is consistent with 
the UV-vis-NIR spectrum of PEDOT-PSS previously reported.20, 21  After DCA 
treatment, the UV-vis-NIR spectrum of PEDOT-PSS only showed modest changes.  We 
observe slightly stronger absorption in the near-IR egion in the UV-vis-NIR spectrum of 
DCA-treated PEDOT-PSS.  Despite such small changes in the electronic structure of 
PEDOT-PSS, the conductivity of PEDOT-PSS increases ignificantly after DCA 
treatment.  To investigate the origin of the highly improved conductivity of PEDOT-
PSS film after DCA treatment, we examined the macroscopic changes in the morphology 
of PEDOT-PSS before and after DCA treatment.   
Figure 6.16 shows the AFM micrographs of (a) untreated and (b) DCA-treated 
PEDOT-PSS films.  The untreated PEDOT-PSS film is very smooth (Figure 6.16 (a)) 
with an rms roughness of 0.9 nm over the 5×5 µm scan window.  After DCA treatment, 
the morphology of the film changes significantly (Figure 6.16 (b)); the film becomes 
much rougher.  The rms roughness of DCA-treated PEDOT-PSS film increases up to 
2.6 nm in the same scan window.  Typically, the surface of PEDOT-PSS film is 
dominated by an insulating layer of PSS.22, 23  This structure is different from that of 
PANI-PAAMPSA.  In PANI-PAAMPSA, the conducting layer of the polymer is 
preferentially enhanced on the surface of the film as observed in Chapter 5.  Because 
PSS is segregated to the surface of PEDOT-PSS film and it is the counter ion, DCA 
likely dissolves away excess PSS overlayer during DCA treatment, thereby enhancing the 
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conductivity of PEDOT-PSS along the surface.20  The removal of the insulating PSS 
overlayer can dramatically increase the lateral conductivity of the material.20 
The chemical environments of untreated and DCA-treated PEDOT-PSS films 
were investigated using XPS.  The detailed experimental procedures for these 
experiments were described in Chapter 2.  Figures 6.17 (a) and (b) shows the XPS sulfur 
spectra of untreated and DCA-treated PEDOT-PSS films, respectively.  The sulfur 
spectra were each deconvoluted into three doublets.24  During data fitting, a FWHM of 
1.2 eV is maintained for the individual peaks within each doublet.  A doublet consisting 
of peaks at 164.5 and 165.6 eV corresponds to the protonated thiophene units in 
PEDOT.24  The positive charges in PEDOT is not localized on one monomer unit, but is 
delocalized over several adjacent rings, resulting in a spread in values of the binding 
energies.23, 24  This broad distribution of binding energies results in an asymmetric tail 
on the higher energy side of the PEDOT sulfur signal.24  When PEDOT-PSS (Baytron 
P) is spun on a substrate, it has been reported that the film contains sodium residues from 
the oxidizing agent (Na2S2O8) used during the polymerization of PEDOT.
25, 26  Sodium 
ions are in turn associated with the ionized sulfonic acids in PSS.  In the case of sulfonic 
acids in PSS, the signal is thus fitted with two doublets corresponding to SO3
-H+, as well 
as SO3
-Na+.24  The peaks associated with these sulfonic acids are only separated by 0.4 
eV, and hence they overlap strongly.24  The lower binding energy component with a 
doublet at 168.4 and 169.6 eV corresponds to SO3
-Na+, whereas the high binding energy 
component with a doublet at 168.8 and 170.0 eV is associated with SO3
-H+.24  After 
DCA treatment, the concentration of the sulfurs in PEDOT increases relative to those of 
total sulfurs in PSS (Figure 6.17 (b)), compared to those in untreated PEDOT-PSS film 
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(Figure 6.17 (a)).  This observation suggests that t e relative concentration of PEDOT 
increases on the surface of PEDOT-PSS film after DCA treatment.  The oxygen spectra 
of untreated and DCA-treated PEDOT-PSS films are shown in Figures 6.17 (c) and (d), 
respectively.  The oxygen spectra were deconvoluted with three different chemical 
environments.24  The highest binding energy peak at 533.7 eV corresponds to the 
oxygens in the dioxyethylene bridge of PEDOT.24  The oxygens in SO3
-H+ contain two 
components, whose peaks are located at 532.4 and 533.5 eV, respectively.24  The lower 
binding energy peak at 532.4 eV originates from oxygens that are double bonded to the 
sulfurs in the sulfonic acid groups of SO3
-H+, whereas the higher binding energy peak 
corresponds to the hydroxyl-oxygens.24  The intensity ratio is 2:1, in agreement with the
chemical composition in SO3
-H+.  The peak at 531.9 eV is associated with the oxygens 
in SO3
-Na+.24  Consistent with the observations in the sulfur spectra, we observe the 
higher concentration of PEDOT oxygens after DCA treatment, indicating that the relative 
concentration of PEDOT increases after DCA treatmen.  The combination of the 
observations of sulfur and oxygen spectra suggests tha  the PSS layer is removed from 
the surface of PEDOT-PSS film with DCA treatment.  This enhancement of the 
conducting PEDOT-PSS domains on the surface of the film after DCA treatment can 
remarkably increase the conductivity of PEDOT-PSS by more than three orders of 
magnitude.  We did not detect chlorine in DCA-treated PEDOT-PSS films, which 
indicates that DCA has been completely removed from PEDOT-PSS films after 
treatment.  We have established indirectly that them chanism of conductivity 
improvement for PEDOT-PSS by DCA treatment is different from that of PANI-
PAAMPSA (or PANI-PSS).  We speculate that this difference likely arises from the fact 
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that the doping mechanism is different for PANI and PEDOT.  It follows that the roles 
the polymer acids play in each case is different.  While PANI is doped via protonation 
by PAAMPSA (or PSS), PEDOT is oxidatively doped in the presence of PSS.  Since 
PSS in PEDOT-PSS is only a counter ion, the pKa of the solvent used for conductivity 
improvement is not important for improving the conductivity of PEDOT-PSS.  Rather, 
the solvent should be a good solvent for PSS so that the insulating PSS overlayer in 
PEDOT-PSS film can be dissolved away during solvent annealing.  DCA is a good 
solvent for PSS and thus the conductivity of PEDOT-PSS is enhanced significantly after 
DCA treatment. 
To examine the versatility of DCA-treated conducting polymers, we applied the 
materials in organic solar cells (OSCs).  A solar cell is a device that converts solar 
energy into electrical energy.  In particular, OSCs have attracted interest because they 
promise to be light weight, mechanically flexible counterparts to inorganic solar cells that 
can be made out of solution-processible materials.27  Indium tin oxide (ITO) is widely 
used as the anode in OSCs because of its low resistance and high optical transparency.28  
Although the ITO anode provides many advantages in OSCs, its brittleness limits the 
flexibility of the devices when the devices are fabricated on plastic substrates.  
Moreover, the high material and production costs of ITO limit the development of 
solution processible and low-cost OSCs.  As such, several candidates, such as carbon 
nanotube films29 and conducting polymers,30 have been reported as replacement 
candidates for ITO.  We also used conducting polymers, such as PANI-PAAMPSA and 
PEDOT-PSS, to replace ITO in OSCs.  To investigate how the enhanced conductivity of 
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DCA-treated conducting polymers affects the performance of OSCs, we fabricated OSCs 
with DCA-treated conducting polymers as well.   
To fabricate these OSCs, we used a blend of poly(3-hexylthiophene), P3HT, and 
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the photoactive layer.  P3HT 
was the electron donor and PCBM was the electron acceptor.  Aluminum was used as 
the cathode.  The active area was kept as 0.0625 cm2 for all the devices.  These devices 
were all fabricated and tested in air.  The procedur s of device fabrication and 
characterization were detailed in Chapter 2.   
When conducting polymers are used as anodes in OSCs, however, conducting 
polymers are not optically transparent and thus they also absorb light, unlikely ITO 
anode.  Light absorption at the anode would decrease the light intensity that the 
photoactive layer could absorb, eventually resulting i  the lower device performance.  
Figure 6.18 (a) shows the UV-vis-NIR spectrum of P3HT.  P3HT is responsible for light 
absorption in the photoactive layer of P3HT and PCBM; PCBM does not absorb light 
significantly.  P3HT absorbs light in the range between 400 and 600 nm (Figure 6.18 
(a)).  Figure 6.18 contains the UV-vis-NIR spectra of the following conducting 
polymers we used as anodes in this study: (b) untreated and (c) DCA-treated PANI-
PAAMPSA and (d) untreated and (e) DCA-treated PEDOT-PSS.  The range of light 
absorption in these conducting polymers is generally different from that of light 
absorption in P3HT.  As such, the incorporation of these materials as anodes should not 
influence the light absorption of photoactive layer. 
Figure 6.19 shows the current density-voltage (J-V) characteristics of the OSCs 
with untreated and DCA-treated PANI-PAAMPSA anodes, as well as of those with ITO 
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anode, under illumination (100 mW/cm2).  The OSCs with ITO anodes were also 
fabricated with same dimensions and geometry for comparison.  The details of device 
characteristics of these OSCs are summarized in Table 6.2.  The devices with ITO 
anodes exhibit a short circuit current density (Jsc) of 7.87 ± 0.18 mA/cm
2, an open circuit 
voltage (Voc) of 0.60 ± 0.01 V, a fill factor (FF) of 0.49 ± 0.01, and an efficiency of 2.31 
± 0.15 %.  These device statistics were acquired from 63 devices in air.  The device 
performance is comparable with those of previously reported devices fabricated with the 
same structure using the same materials.31 
The J-V characteristics of a representative device with untreated PANI-
PAAMPSA anode are also shown in Figure 6.19 (solid line).  Of 49 devices tested, the 
average short circuit current density was 1.95 ± 0.08 mA/cm2 and the open circuit voltage 
was 0.52 ± 0.01 V, resulting in a fill factor of 0.38 ± 0.01 and a device efficiency of 0.39 
± 0.05 %.  The device efficiency is lower than that of the devices with ITO anodes 
because the short circuit current density and open circuit voltage were both lower.  The 
lower short circuit current density is attributed to the significantly lower conductivity of 
PANI-PAAMPSA compared to ITO (0.4 S/cm versus 103 S/cm).  The open circuit 
voltage depends on the energy levels of the photoactive layer and the work functions of 
the electrodes.32  The work function of aluminum is 4.2 eV,33 that of PANI-PAAMPSA 
is ~ 4.8 eV,6 and that of ITO is ~ 5.0 eV.33  The difference in the work functions of 
anodes and cathodes is smaller in devices with PANI-PAAMPSA anodes compared to 
those with ITO anodes.  This decreased difference i work function is consistent with 
the observation that devices with PANI-PAAMPSA anodes exhibit a lower open circuit 
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voltage compared to of devices with ITO anodes.  Accordingly, the devices with PANI-
PAAMPSA anodes exhibit lower fill factor and efficiency.   
Figure 6.19 also contains the J-V characteristics of a representative device with 
DCA-treated PANI-PAAMPSA anode (dash-dotted line).  The device with DCA-treated 
PANI-PAAMPSA anode exhibits improved short circuit current density, while 
maintaining the same open circuit voltage, when compared to that with the device with 
untreated PANI-PAAMPSA anode (solid line).  The devic  characteristics are 
quantified in Table 6.2 and these values were averaged from 59 devices.  An efficiency 
of 0.97 ± 0.18 % is observed in these devices with a s ort circuit current density of 4.95 ± 
0.16 mA/cm2, an open circuit voltage of 0.51 ± 0.02 V, and a fill factor of 0.38 ± 0.02.  
That the open circuit voltage remains unchanged between the devices with untreated and 
DCA-treated PANI-PAAMPSA anodes suggests that the change in energy level between 
the devices is negligible.  Instead, the higher conductivity of DCA-treated PANI-
PAAMPSA anode results in higher short circuit current density in the devices.  
Additionally, the higher conductivity of DCA-treated PANI-PAAMPSA anode also 
influences the series and shunt resistances in the devices.  The series resistance was 
quantified by the inverse slop of the J-V curve at high voltages (0.8 V < V < 1.0 V) and 
the shunt resistance was quantified by the inverse slop of J-V curve between -0.1 V and 
0.1 V.  The resistances were determined during illum nation.  The series resistances of 
the devices with untreated and DCA-treated PANI-PAAMPSA anodes are 5.32 ± 1.72 Ω 
cm2 and 3.93 ± 1.41 Ω cm2, respectively, and the shunt resistances of those devices are 
840.34 ± 112.35 Ω cm2 and 1503.5 ± 256.34 Ω cm2, respectively.  As expected in 
Figure 6.19 by the inverse slope of J-V characteristics at the specific voltages, the higher 
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conductivity of DCA-treated PANI-PAAMPSA anode result  in lower series resistances 
and higher shunt resistances in the devices.  As mentioned in Chapter 2, the series 
resistance is attributed by all the resistance contributions in the devices from bulk 
transport, interface transfer, to transport through the electrodes.  Among these 
variations, only the conductivity of anode is different between the devices with untreated 
and DCA-treated PANI-PAAMPSA anodes.  The highly conductive DCA-treated 
PANI-PAAMPSA anodes thus directly result in lower sries resistances in the devices.  
The higher shunt resistances in the devices with DCA-treated PANI-PAAMPSA anodes 
reduce leakage current in the devices.  The efficiency of devices with DCA-treated 
PANI-PAAMPSA anodes, however, remains lower than those of devices with ITO 
anodes.  These observations are due to the lower condu tivity of DCA-treated PANI-
PAAMPSA anode compared to ITO and smaller difference in work function of anodes 
and cathodes in the devices with DCA-treated PANI-PAAMPSA anodes. 
As mentioned earlier, we dramatically improved the conductivity of PEDOT-PSS 
up to 616.29 ± 85.4 S/cm by DCA treatment, and this conductivity is the highest among 
the polymer acid template synthesized conducting polymers.  To examine the versatility 
of this highly conductive DCA-treated PEDOT-PSS film, we also used this material as 
anodes in OSCs.  The dimensions and geometry of these d vices are the same as those 
of the devices with untreated and DCA-treated PANI-PAAMPSA anodes.  Figure 6.20 
shows the J-V characteristics of a representative device with untreated (solid line) and 
DCA-treated (dash-dotted line) PEDOT-PSS anodes.  The same J-V characteristics of 
the device with ITO anode in Figure 6.19 is also included in Figure 6.20 (dash line) for 
reference.  The detailed device characteristics of these devices are included in Table 6.2.  
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These device characteristics were acquired from total 57 and 63 devices with untreated 
and DCA-treated PEDOT-PSS anodes, respectively.  Consistent with the devices with 
untreated and DCA-treated PANI-PAAMPSA anodes, the device performance is 
improved significantly in devices with DCA-treated PEDOT-PSS anodes compared to 
those of devices with untreated PEDOT-PSS anodes.  The short circuit current density is 
improved by two and a half fold because of the higher conductivity of DCA-treated 
PEDOT-PSS anodes.  The open circuit voltage, however, is maintained because DCA 
treating the PEDOT-PSS anode does not influence the en rgy level of devices.  
Moreover, lower series resistances and higher shunt resistances are observed in the 
devices with DCA-treated PEDOT-PSS anodes.  These ob rvations result in higher fill 
factor and thus higher efficiency in devices with DCA-treated PEDOT-PSS anodes 
compared to those of devices with untreated PEDOT-PSS anodes.  Specifically, the 
devices with untreated PEDOT-PSS anodes exhibit a short circuit current density of 4.59 
± 0.11 mA/cm2, an open circuit voltage of 0.55 ± 0.01 V, a fill factor of 0.38 ± 0.02, and 
an efficiency of 0.97 ± 0.14 %.  Devices with DCA-treated PEDOT-PSS anodes exhibit 
a short circuit current density of 7.36 ± 0.14 mA/cm2, an open circuit voltage of 0.55 ± 
0.01 V, a fill factor of 0.52 ± 0.01, and an efficiency of 2.12 ± 0.16 %.  The 
performance of devices with DCA-treated PEDOT-PSS anodes is now comparable with 
that of devices with ITO anodes (Figure 6.20; dash line), suggesting an opportunity to 
replace ITO with conducting polymers.   
In this chapter, we have improved the conductivity of PANI-PAAMPSA by more 
than two orders of magnitude using a simple post-processing DCA treatment.  The 
conductivity improvement is accompanied by drastic changes in the molecular structures 
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of PANI-PAAMPSA.  Because DCA is a good plasticizer fo  PAAMPSA and its pKa 
(1.21 at room temperature) is lower than that of PAAMPSA (2.41 at room temperature), 
DCA can effectively disrupt the strong ionic interactions between PANI and PAAMPSA.  
This moderation of ionic interactions allows PANI-PAAMPSA to relax from the particle 
nature that was arrested during polymerization.  PANI-PAAMPSA is thus able to 
rearrange from a compact coil to an extended chain conformation.  This extended chain 
conformation enables more efficient charge transport, thereby improving the conductivity 
of PANI-PAAMPSA.  This DCA treatment is not only specific for PANI-PAAMPSA, it 
generally applies to polymer acid-doped conducting polymer systems, such as 
commercially-available PEDOT-PSS.  In fact, we improved the conductivity of 
PEDOT-PSS by more than three orders of magnitude throug  DCA treatment.  The 
higher conductivity improvement of PEDOT-PSS compared to PANI-PAAMPSA is 
attributed to their different mechanism in conductivity enhancement via DCA treatment.  
The role of DCA is different in each polymer because the polymer acid plays differently 
in each case because of their different doping mechanism.  The use of DCA-treated 
conducting polymer anodes can improve the performance of OSCs.  Specifically, short 
circuit current density increases by approximately wo and a half fold and thus the device 
efficiency is improved by the same amount.  Moreover, when DCA-treated PEDOT-
PSS films are used as anodes in OSCs, their device performance is comparable with that 
of the devices with ITO anodes.  This result indicates that it is feasible to use more 
easily processible conducting polymers instead of ITO for fabricating OSCs, with the 
potential to obtain lower cost and more mechanically flexible devices. 
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Table 6.1. Conductivities of conducting polymers befor  and after DCA treatment.  The 
conductivities of PANI that is doped with poly(styrene sulfonic acid), or PANI-PSS, and 
poly(ethylene dioxythiophene) that is doped with PSS, or PEDOT-PSS are also studied. 
 
Conductivity (S/cm) 
Before treatment After treatment 
PANI-PAAMPSA 0.43 ± 0.02 47.79 ± 10.52 
PANI-PSS 0.20 ± 0.02 58.77 ± 9.21 
































Table 6.2. The device characteristics of OSCs with different anodes.  The performances 
of the OSCs with ITO anodes are also included.  Theparameters were determined under 














































































































































Figure 6.1. I-V characteristics of (a) untreated an (b) DCA-treated PANI-PAAMPSA 



































































































Figure 6.3. AFM images of (a) untreated and (b) DCA-treated PANI-PAAMPSA 































Figure 6.4. Titration curves of DCA at 10-5 M (■) and 10-3 M (●).  Titration was carried 
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Figure 6.5. Titration curves of PAAMPSA (■) and DCA (●) at 10-7 M and 10-5 M, 
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Figure 6.6. Titration curves of PAAMPSA (■) and DCA (●) at 10-7 M and 10-5 M, 

























Figure 6.7. Titration curves of AAMPSA (■) and DCA (●) at room temperature.  The 
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Figure 6.8. Titration curves of PSS (■) and DCA (●) at 10-7 M and 10-5 M, respectively.  
Titration was carried out at 70 ºC. 
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Figure 6.9. XPS nitrogen spectra of (a) untreated an  (b) DCA-treated PANI-PSS, and 
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Figure 6.17. XPS sulfur spectra of (a) untreated an (b) DCA-treated PEDOT-PSS, and 
oxygen spectra of (c) untreated and (d) DCA-treated PEDOT-PSS, respectively. 
 
 221 























Figure 6.18. UV-vis-NIR spectra of (a) P3HT, (b) untreated and (c) DCA-treated PANI-




































Figure 6.19. J-V characteristics of OSCs with untreated (solid line) and DCA-treated 
(dash-dotted line) PANI-PAAMPSA anodes under illuminat on (100 mA/cm2).  The J-V 

































Figure 6.20. J-V characteristics of OSCs with untreated (solid line) and DCA-treated 
(dash-dotted line) PEDOT-PSS anodes under illuminatio  (100 mA/cm2).  The J-V 
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Chapter 7: Conclusions and Future work 
 
CONCLUSIONS 
Polyaniline (PANI) is an attractive conducting polymer for organic and polymer 
electronics1-3 because of its promising electrical and optical prope ties, as well as 
environmental stability.4, 5  Frequently, PANI is doped with small molecule acids to 
achieve high electrical conductivities.  The resulting PANI is highly conductive (~ 200 
S/cm), but is limited in solubility in common solvents.6, 7  The material is thus generally 
not solution-processible.  PANI also exhibits a melting temperature that is above its 
degradation temperature, making melt-processing of PANI infeasible.  To overcome this 
technical barrier, we have chosen to work with PANI that is doped with a polymer acid, 
rather than a small molecule acid.  The polymer acid used in our study is poly(2-
acrylamido-2-methyl-1-propanesulfonic acid), or PAAMPSA.  The polymer acid serves 
two roles: in addition to doping PANI to produce th electrically conductive form, excess 
sulfonic acid groups impart water dispersibility to the final material.8  The resulting 
PANI is therefore not only electrically conductive, but also easily processible from 
aqueous dispersions.  This water dispersibility, however, comes at the expense of 
reduced conductivity.  In fact, the conductivities of polymer acid-doped PANI have 
generally been low (10-5 – 10-1 S/cm),9, 10 and these low conductivities have in turn 
limited the utility of these materials in organic electronics.  Given the promise of broad 
applications of conducting polymers in organic electronics, this thesis focuses on 
 228 
understanding the processing-structure-property relationships of PANI-PAAMPSA with 
hopes to improve the electrical conductivity of polymer acid-doped PANI systems. 
We improved the electrical conductivity of PANI-PAAMPSA from 0.4 S/cm to 
2.5 S/cm by controlling the molecular weight and molecular weight distribution of 
PAAMPSA.  The conductivity of PANI-PAAMPSA increases as the molecular weight 
of PAAMPSA decreases.  Additionally, PANI that is doped with PAAMPSA having a 
narrower molecular weight distribution is two to three times as conductive as PANI that 
is doped with PAAMPSA of comparable molecular weight but having a broader 
molecular weight distribution.  Strong correlations between the electrical conductivity 
and the structure of PANI-PAAMPSA are observed; conductivity increases with 
increasing crystallinity and conjugation length of PANI.  The crystallinity and 
conjugation length of PANI qualify the molecular orde  in PANI-PAAMPSA; increases 
in molecular order enhance charge transport in PANI-PAAMPSA films.   
PANI-PAAMPSA forms electrostatically stabilized sub-micron particles during 
aniline polymerization due to strong ionic interactions between the sulfonic acid groups 
of PAAMPSA and the aniline.  The connectivity of these particles is therefore important 
for macroscopic conduction in the PANI-PAAMPSA films.  In fact, we discovered that 
the size and size distribution of PANI-PAAMPA particles are strongly influenced by the 
molecular weight and molecular weight distribution f PAAMPSA.  Specifically, 
templating aniline polymerization with a higher molecular weight PAAMPSA results in 
bigger PANI-PAAMPSA particles; templating aniline polymerization with a broader 
molecular weight distribution PAAMPSA results in particles with a larger size 
distribution.  Since conduction in PANI-PAAMPSA films is governed by how these 
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particles pack in the solid state, the macroscopic conductivity of PANI-PAAMPSA films 
is found to scale by a single parameter, i.e., particle density, reducible from the molecular 
weight and molecular weight distribution of PAAMPSA.  Specifically, higher particle 
density enhances inter-particle charge transport, leading to higher conductivity of the cast 
PANI-PAAMPSA film.  We also found the PANI-PAAMPSA particles to be chemically 
inhomogeneous.  Specifically, the conductive portions of the polymer complex 
preferentially segregate to the surface of particles.  Conduction in these materials is 
therefore surface mediated.  This surface mediated charge transport is in contrast with 
that in commercially-available conducting polymer, poly(ethylene dioxythiophene) that is 
doped with poly(styrene sulfonic acid), or PEDOT-PSS.  In PEDOT-PSS, insulating 
PSS preferentially segregates to the surface.     
We further improved the conductivity of PANI-PAAMPSA by more than two 
orders of magnitude via post-processing solvent anne ling with DCA.  Since DCA is a 
good plasticizer for PAAMPSA and its pKa is lower than that of PAAMPSA (pKas of 
DCA and PAAMPSA are 1.21 and 2.41, respectively, at room temperature), it can 
effectively disrupt the strong ionic interactions between PANI and PAAMPSA, thereby 
relaxing the electrostatically stabilized particles that were arrested during polymerization.  
PANI-PAAMPSA chains are thus allowed to rearrange from a compact coil to an 
extended chain conformation that enables more effici nt charge transport.  DCA-treated 
PANI-PAAMPSA exhibits an average conductivity of 48S/cm.  The DCA treatment is 
not only specific to PANI-PAAMPSA.  Exposing PEDOT-PSS to DCA results in 
conductivities approaching 600 S/cm; this conductivity is the highest reported amongst 
any other polymer acid-doped conducting polymer system .  The mechanism of 
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conductivity improvement in PEDOT-PSS by DCA treatment, however, is different from 
that of PANI-PAAMPSA.  While PANI is doped via protonation by PAAMPSA, 
PEDOT is oxidatively doped in the presence of PSS to attain it conductive form.  PSS 
thus only serves as a counter ion in PEDOT-PSS.  As such, the pKa of the plasticizer 
used to induce structural rearrangement is not important in PEDOT-PSS.  Indeed, the 
conductivity of PEDOT-PSS has reportedly been improved via exposure to ethylene 
glycol, dimethyl sulfoxide, and sorbitol;11, 12 all of which are good solvents for PSS but 
are not acidic. 
We also assessed the functionality of PANI-PAAMPSA as anodes in organic 
solar cells (OSCs).  PANI-PAAMPSA effectively performs as anodes in OSCs that 
contain a blend of poly(3-hexylthiophene), P3HT, and [6,6]-phenyl-C61-butyric acid 
methyl ester (PCBM) as the active layer.  Specifically, the OSCs with PANI-
PAAMPSA anodes exhibit an average short circuit current density of 1.95 mA/cm2, open 
circuit voltage of 0.52 V, fill factor of 0.38, and efficiency of 0.39 %.  Conductivity 
improvement of PANI-PAAMPSA via DCA treatment can directly influence the device 
performance in OSCs.  The use of DCA-treated PANI-PAAMPSA as anodes increases 
device performance (i.e., short circuit current density and thereby efficiency) of OSCs by 
approximately two and a half fold.  Specifically, the OSCs with DCA-treated PANI-
PAAMPSA anodes exhibit short circuit current density and efficiency as high as 4.95 
mA/cm2 and 0.97 %, respectively.   
The electrical and optical properties of conducting polymers have led to many 
proposed applications, such as sensors,13, 14 conductive coatings,15, 16 organic 
electronics,17, 18 etc.  However, conducting polymers have been only used in special 
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fields that do not require high power outputs due to their inherently low conductivities 
compared to metals.  We have explored the factors that govern the electrical 
conductivity of conducting polymers.  Our understanding of the processing-structure-




Improving the conductivity of PANI-PAAMPSA 
We have improved the electrical conductivity of PANI-PAAMPSA by 
manipulating the structure of the material.  In particular, we dramatically improved the 
conductivity of PANI-PAAMPSA by post-processing solvent annealing with DCA; its 
average conductivity is 48 S/cm.  The conductivity is the highest among reported 
polymer acid-doped PANI systems.  It is, however, still everal orders of magnitude 
lower than those of inorganic materials that are widely used in organic electronic devices.  
For example, the conductivity of indium tin oxide (ITO), a material that is widely used as 
anodes in OSCs, is on the order of 103 S/cm.19  While we have successfully incorporated 
DCA-treated PANI-PAAMPSA as anodes in OSCs, their prformance is still not as high 
as those of devices with ITO anodes.  However, we observed comparable efficiency in 
devices with ITO anodes and in those with DCA-treated PEDOT-PSS anodes.  The 
average conductivity of DCA-treated PEDOT-PSS is 600 S/cm.  This observation 
suggests that we still need to improve the conductivity of PANI-PAAMPSA by an order 
of magnitude to truly replace ITO.   
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Exposing the PANI-PAAMPSA film to DCA allows for tremendous structural 
rearrangement; we no longer observed PANI-PAAMPSA particles that were arrested 
during polymerization.  This structural rearrangement liminates inter-particle charge 
transport, and the bulk conductivity of PANI-PAAMPSA improves dramatically as a 
consequence.  The crystallinity of PANI-PAAMPSA, however, is still low and not 
dramatically different before and after DCA treatment.  Given that conductivity is 
correlated with the crystallinity of PANI, work should be carried out to improve the 
crystallinity of these films.  To increase crystallinity, we can preferentially orient the 
films, for example, by stretching.  In fact, the conductivity of PANI that is doped with 
camphor sulfonic acid (CSA) has been shown to improve from 0.2 S/cm to 1000 S/cm 
when the film is exposed to m-cresol and stretched uniaxially.20-22  The enhanced 
conductivity is comparable with that of ITO.  If we can further improve the conductivity 
of PANI-PAAMPSA up to these levels by first exposing the film to DCA and then 
preferentially orienting it, PANI-PAAMPSA should be very attractive replacements for 
metals as electrodes in many electronic devices, such as organic solar cells and organic 
light-emitting diodes.  When the devices are all comp sed of organic materials for the 
active layer as well as the electrodes, we can develop large area, flexible, and low-cost 
electronic devices without any loss of device performance from easily processible PANI 
dispersion. 
 
Understanding the anisotropic conductivity of conducting polymers 
 As described in Chapter 6, PANI-PAAMPSA is a promising material as the anode 
in OSCs.  PANI-PAAMPSA can also be used as the holetransport layer (HTL) between 
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the anode and the photoactive layer in OSCs, as shown in Figure 7.1.23-25  PANI-
PAAMPSA HTLs can provide a conductive pathway for holes to migrate from the 
photoactive layer into the anode, thereby improving hole extraction to the external 
anode.23   
We observed in Chapter 6 that the OSCs with DCA-treated PANI-PAAMPSA 
anodes exhibit improved device performance compared to those with untreated PANI-
PAAMPSA anodes.  Given the fact that macroscopic conduction may occur 
directionally in the devices, in-plane charge transport of PANI-PAAMPSA should be 
important when the material is used as the anode in OSCs.  The highly improved 
conductivity of DCA-treated PANI-PAAMPSA, therefore, would be responsible for 
improving the device performance.  When PANI was incorporated as the HTL in OSCs 
(ITO was used as anodes in these devices), however, our preliminary experiments 
showed poor device performance in OSCs with DCA-treated PANI-PAAMPSA HTLs 
compared to those with untreated PANI-PAAMPSA HTLs.  As the HTL, charges need 
to be carried across the HTL, so vertical charge transport across the thickness of the film 
dominates.  We therefore suspect that macroscopic conduction in and through PANI-
PAAMPSA films is anisotropic.  It appears that the in-plain conductivity of PANI-
PAAMPSA increases, but the through-plain conductivity of PANI-PAAMPSA decreases 
after DCA treatment.   
To confirm this hypothesis, we can first carry out depth profiling experiments 
using x-ray photoelectron spectroscopy (XPS) to determine the compositions of DCA-
treated PANI-PAAMPSA film as a function of depth.  Conductive atomic force 
microscopy (AFM) also should help us examine the current changes in surface of the 
 234 
films after DCA treatment with the changes in their morphology.  These results should 
be compared against those of untreated PANI-PAAMPSA films.   
The conductive AFM experiments should also provide us with additional 
evidence that the insulating PSS overlayer in PEDOT-PSS film is removed after DCA 
treatment, resulting in significantly improved lateral conductivity of the material, as 
already observed in Chapter 6 by XPS.   
 The understanding of these chemically inhomogeneous structures of conducting 
polymers and their influences on the conductivity of the materials films presents 
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